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INTRODUCTION
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8 CHAPTER 1

“What has been is what will be, and what has been done is what will be done; there is nothing 
new under the sun.” – Ecclesiastes 1:9 (NRSV)

Towards the end of the twentieth century, innovations in the field of brain stimulation 
elicited great interest by scientists and physicians in the field of neurology and psychiatry. 
Novel treatment possibilities were envisioned that could directly target pathological brain 
mechanisms in a feasible way. Yet, the practice of applying electrical currents to the human 
head was far from new. The ancient Romans already used electric torpedo fish to treat 
headaches1.

In the 18th century, electricity was discovered to play a crucial role in the function and 
control of muscles and in the communication between the brain and the body2. This led to 
the development of the first devices that applied electrical currents to the head to influence 
electrical signals in the brain, initially with the aim to treat personality disorders2. Based on 
this work, ‘shock therapy’ (electroconvulsive therapy, ECT) was introduced in the 1930s for the 
treatment of schizophrenia and manias3. For ECT, electrical currents are applied to the scalp 
with intensities going up to 900 milli-Ampère (mA), inducing seizures. ECT has widespread 
biochemical effects in the brain, including increased release of several neurotransmitters 
(e.g., dopamine, serotonin) and neurohormones (e.g., endorphins, adrenocorticotropic 
hormone)4. Although the understanding of its mechanism of action is incomplete, ECT is still 
an effective psychiatric treatment today for conditions like severe depression4. More focal 
brain stimulation was made possible in the 1960s, when neurosurgeons started to implant 
stimulating electrodes into brain structures like the thalamus and hypothalamus in order 
to alleviate chronic pain and tremor in patients with Parkinson’s disease5,6. Not much later, 
deep brain stimulation was also introduced in psychiatry, in particular to treat severe forms 
of depression, Tourette’s syndrome, and obsessive-compulsive disorder5.

ECT and deep brain stimulation are still used in psychiatry today, and their therapeutic effects 
may also provide opportunities for the treatment of stress- and anxiety-related mental health 
disorders (see Box 1.1.). However, these techniques carry the health risks that come along with 
brain surgery or epileptic seizures, and can additionally lead to significant side effects such 
as increased risk for cardiovascular disease and cognitive impairments7,8. It was therefore 
opportune when much safer possibilities for brain stimulation became available a few decades 
ago. Between the mid-1980s and 2000, it was shown that magnetic pulses or weak electrical 
currents administered from outside the head could also influence local brain activity9–11. The 
explosion of scientific publications on the topic since these findings illustrates the enthusiasm 
that emerged around these non-invasive brain stimulation techniques12,13.

The potential of non-invasive brain stimulation as a psychiatric treatment tool was soon put 
forward. Already in the 1990s, case studies showed that transcranial magnetic stimulation 
(TMS) of the prefrontal cortex had therapeutic effects in depression, obsessive-compulsive 
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9Introduction

disorder and posttraumatic stress disorder (PTSD)a14–16. Relative to TMS, the therapeutic effects 
of the somewhat later developed transcranial electrical stimulation technique on stress-
related disorders like anxiety and PTSD have been less studied17,18.

Box 1.1. ECT and deep brain stimulation in stress-related disorders

Preliminary evidence suggests clinical potential of ECT and deep brain stimulation to 
treat anxiety and posttraumatic stress disorder (PTSD) symptoms. For example, some 
researchers have tried to use one of the well-known side effects of ECT, temporary memory 
loss86, to disrupt traumatic memories87, although this method has not yet yielded successful 
results in the treatment of PTSD88. Regarding deep brain stimulation, structures like the 
amygdala, hippocampus or ventral striatum are potentially effective stimulation targets89,90. 
Studies of deep brain stimulation in treatment-resistant PTSD patients are ongoing91,92.

MILITARY STRESS AND MENTAL HEALTH RISKS
Exposure to stressful situations is inherent to military operations. Sources of stress include 
working under constant threat, extreme environments (e.g., heat, time pressure), witnessing 
severe suffering and risking physical injury or death19,20. Such stressors bring about a cascade 
of physiological and psychological effects that serve to effectively adapt to a situation and 
restore the body’s homeostasis21,22. While stress is inevitable and serves an adaptive function, 
severe or chronic stress responses can have a maladaptive impact on health and military 
readiness. For example, during military operations, severe stress can narrow perception and 
attention (e.g., resulting in a tunnel vision that reduces situational awareness) and which 
can decrease the cognitive flexibility required for adequate decision-making and analysis in 
complex, uncertain and life-threatening situations23,24. Additionally, and most devastating 
on the long term, severe stress can be detrimental to physical and mental health. Stress- 
and anxiety-related mental health symptoms, for example, are characterized by trouble 
with controlling worries or intrusive traumatic memories, being easily upset or angry, feeling 
constantly “on edge” or hypervigilant, and suffering from sleeplessness. Indeed, it has been 
shown that military deployment increases the risk on pathological anxiety, hostility and 
posttraumatic stress disorder (PTSD)25,26.

Treatment
Evidence-based treatments for stress-related mental health disorders include cognitive-
behavioral psychotherapies27,28. One of the major aims of these therapies is to diminish 
distressing feelings and associated maladaptive actions and thoughts (e.g., “I was attacked 
in a forest, so wooded areas are dangerous.”) by promoting alternative and more adaptive 

a. At present, TMS over the left or right prefrontal cortex has shown level A evidence (‘definite therapeutic efficacy’) 
for depression. For PTSD, level B evidence (‘probable therapeutic efficacy’) is shown, and promising findings have 
been reported also for generalized anxiety disorder84,85

1
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10 CHAPTER 1

interpretations and beliefs of the feared event (e.g., “I was attacked in a forest, but many other 
wooded areas are safe places to be.”)29. Additionally, effective pharmacotherapy is available 
to treat stress-related mental health symptoms, such as antidepressant and antipsychotic 
medication30. These pharmacotherapies are thought to target disbalances in neurobiological 
systems involved in anxiety and PTSD, such the noradrenergic, serotonergic, and glutamatergic 
systems31. However, the stress-attenuating effects of some pharmacotherapies can also hinder 
clinical effectivity of cognitive-behavioral psychotherapies that depend on fear memory-
extinction methods32.

Despite the availability of these evidence-based treatment options, military and veteran 
populations show a complex course of symptom development and their recovery estimates 
are poor. Clinical symptoms after military trauma may unfold over years or even decades33, 
and almost half of military veterans with stress-related disorders like PTSD (30-55%) do not 
recover or continue to experience significant symptoms after treatment34,35. This illustrates 
the need for novel methods to ameliorate resilience to, and recovery of, stress-related mental 
health problems in this population.

THE BRAIN AND STRESS
The first response to a stressful event is preparing the body for action. The sympathetic nervous 
system releases adrenaline (epinephrine) and noradrenaline into the body’s circulation and 
mobilizes mechanisms for “fight-flight-or-freeze”, for example by accelerating heart rate36–

38. Additionally, the hypothalamic-pituitary-adrenal axis (HPA-axis) releases glucocorticoid 
hormones to regulate the body’s biological mechanisms to facilitate the stress response (e.g., 
reduce metabolic and immune system activities)39.

In the brain, many regions respond and interact to promote survival in the face of danger, 
ensure storage of information for future stressful events, and allow adaptive adjustments 
and recovery of the stress response depending on the context. The amygdala is one of the 
key regions in the stress or survival circuit40; it is involved in detecting potential threats and 
other salient stimuli in the environment and can “ring the alarm bells” by initializing a stress 
response41. This is a reflexive and fast subcortical process, and has been compared to the 
principle of a smoke detector42. A slower but more reflective process involves interactions 
with other subcortical and cortical areas. For example, the perceived salient stimulus is 
evaluated with respect to its context and compared to prior experience, to determine if and 
to what extent it poses a real threat. For this process, the amygdala receives input from the 
ventromedial prefrontal cortex and the hippocampus (a key region in the memory circuit)41,43,44. 
In case of a “false alarm”, the ventromedial prefrontal cortex can inhibit the amygdala43. The 
ventromedial prefrontal cortex is in turn connected to other parts of the prefrontal cortex 
that together guide our highest-order cognitive abilities and regulate our behavior. Broadly 
speaking, the ventral and medial parts of the prefrontal cortex regulate emotions, while the 
dorsal and lateral parts of the prefrontal cortex regulate attention, thoughts and actions45 
(see Figure 1).
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11Introduction

Fundamentally, stress facilitates immediate survival as well as processes important for 
development, such as motivation and learning40. For instance, mild stress stimulates cells 
in the prefrontal cortex, promoting higher-order cognitive functions such as attention46,47. 
However, when stress levels are high (e.g., panic in response to an unescapable threat) and 
prolonged, the cognitive processes in the prefrontal cortex are tuned down in favor of the faster 
reflexive processes involving subcortical circuits (including the amygdala) that drive emotional 
and habitual behavior48,49. This can profoundly affect cognition and behavior of individuals 
in stressful situations (e.g., tunnel vision as mentioned above), including extensively trained 
soldiers24,50.

Dorsomedial / 
dorsolateral PFC

Ventromedial PFC

Amygdala

Hippocampus

Figure 1. Schematic overview of some of the key brain regions involved in orchestrating the response 
to potential threats.

When does it go wrong?
When stress is excessive or becomes chronic, the stress response can be activated too 
frequently, fail to properly shut off after the threat has passed, or fail to dynamically adapt 
between stress and rest21,51–55. In addition, humans have the capacity to anticipate possible 
future threats. In pathological anxiety and PTSD, such anticipatory processes are biased 
towards excessive action preparation and excessive worrying in the face of uncertainty 
or unpredictable threats, which further elevates attention for threat, stress levels and the 
“alarm signaling” of the amygdala56. Additionally, threats are less well distinguished from 
safe situations, arguably due to a disrupted inhibitory connection between the ventromedial 
prefrontal cortex and the amygdala, hindering safety learning. At the same time, disrupted 
functioning of other areas in the prefrontal cortex (such as dorsolateral and ventrolateral parts) 
leads to exaggerated expectations of danger and avoidance behavior. Impaired activation of 
these areas has been associated with impaired emotion regulation and impaired executive 

1
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12 CHAPTER 1

control functions such as attention deficits and impulsivity44,56,57. Hence, targeting activity in 
dorsolateral and ventrolateral prefrontal cortex regions may restore impairments in regulatory 
functions like emotion regulation and executive control and thereby support adaptive coping 
with stress.

NON-INVASIVE BRAIN STIMULATION
Non-invasive brain stimulation techniques provide opportunities to promote ventrolateral and 
dorsolateral prefrontal cortex activity. As introduced above, the two major non-invasive brain 
stimulation techniques that can target activity in superficial layers of the cortex are TMS and 
transcranial electrical stimulation. The present work almost entirely focuses on transcranial 
direct current stimulation (tDCS). Compared to TMS, tDCS has a better safety profile, is user-
friendly, cheaper, and – importantly – portable58. Beside the economic advantages, these 
characteristics make tDCS much more suitable for scalable interventions that can be applied 
in the military context and in outpatient clinical care.

Mechanisms of action
TDCS uses weak direct currents (typically 1-2 milliamperes) that flow from a positive electrode 
(anode) to a negative electrode (cathode) placed on the scalp. Much of the electrical current 
is shunted by the scalp, but some electrical current penetrates the surface of the underlying 
cortex59 where it leads to depolarization or hyperpolarization of the membrane of neural cell 
bodies, as graphically depicted Figure 2. This effect was reintroduced to modern scientific 
methods by experiments showing that the motor cortex could be polarized by applying weak 
direct currents to the head9,60. In a series of experiments9, Nitsche and Paulus applied currents 
of 0.2-1 mA for 1-5 minutes between two scalp electrodes. Before and afterwards, excitability 
(i.e., firing probability) of the motor cortex was measured by assessing the motor-evoked 
potential (MEP) of the abductor digiti minimi hand muscle by administering a single TMS-pulse 
to the cortical motor neurons representing that hand muscle. TDCS with intensities higher 
than 0.6 mA and durations longer than 3 minutes were shown to significantly modulate the 
excitability of this central motor pathway. More specifically, anodal stimulation of the motor 
cortex increased excitability in the motor pathway as demonstrated by higher MEPs, while 
cathodal stimulation of the motor cortex decreased it. This effect was only found when one 
electrode was placed on a scalp location overlying the primary motor cortex, and the return 
electrode on the contralateral forehead (in contrast to a return electrode placed over, for 
example, the occipital cortex). In a later study, this stimulation-induced excitability change 
was shown to last for almost 1.5 hours when stimulation was continued for a longer period 
(9-13 minutes), the so-called after-effects of tDCS61. Since these initial reports, the effects of 
tDCS on motor cortex excitability have been replicated many times62.

However, how do the weak currents of tDCS influence firing probability? Anodal tDCS 
causes membrane depolarizations that are well below the threshold for action potentials. 
The intensity of a tDCS-induced electric field in the cortex is typically lower than 1 Volt/
meter63. At the level of a single neuron, this elicits an estimated membrane potential change 
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13Introduction

of approximately 0.2-0.5 mV64. Considering that membrane depolarizations to ~50 mV are 
needed to initiate an action potential, the effect of tDCS on single neurons is very small. Yet, 
slight changes in the resting membrane potential and associated firing probability in single 
neurons can generate changes in spontaneous neural firing rates that are amplified on the 
level of larger neural networks64,65. This likely drives the effect of tDCS on cortical excitability.

Furthermore, tDCS has been shown to modulate processes involved in synaptic plasticity66–68. 
Synaptic plasticity refers to the dynamic shaping of synaptic connections between neurons 
and is an important mechanism underlying learning and memory69. For example, the after-
effects of tDCS on excitability were shown to be abolished by blocking the NMDA-receptor68, 
suggesting that the after-effects of tDCS depend on long-term potentiation (LTP) and long-
term depression (LTD) processes involved in synaptic plasticity. Furthermore, tDCS has been 
shown to affect levels of neurotransmitters that are involved in synaptic transmission: anodal 
stimulation reduces levels of GABA (involved in inhibitory synaptic transmission) and cathodal 
stimulation reduces levels of glutamate (involved in excitatory synaptic transmission), which 
is associated with the excitatory and inhibitory effects of anodal and cathodal stimulation 
respectively66,70.

+
-

Neural cell body membrane 
hyperpolarized

Anode Cathode

depolarized

Figure 2. Model of tDCS effects on neural excitability under the anode versus cathode.

Translation to clinical applications
Clinical research with non-invasive brain stimulation in psychiatry has been ongoing for 
some years, although still in its early stages. When we started our studies, depression 
research dominated the field. Evidence for antidepressant effects of tDCS has reached level 
B (‘probable efficacy’) for anodal tDCS over the left dorsolateral prefrontal cortex, aimed at 
restoring the relative hypoactivity of this region observed in depression71. This tDCS protocol 

1
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14 CHAPTER 1

additionally showed favorable effects on cognitive symptoms in patients with depression, 
such as improvements in (working) memory and in the regulation of cognitive interference of 
emotional information71. The effect of tDCS on such top-down cognitive control mechanisms 
could also be relevant to stress-related disorders like PTSD and anxiety. Anodal tDCS may 
help to restore the hypoactivity in the ventrolateral and dorsolateral parts of the prefrontal 
cortex that has been associated with impaired regulation of stress-related emotions such as 
anxiety and anger72,73. This effect could be mediated by cognitive functions that are involved in 
effective emotion regulation, including working memory and inhibitory control74,75. Following 
this rationale, anodal tDCS over the prefrontal cortex may be effective to alleviate stress-
related symptoms by improving top-down control mechanisms.

However, evidence for clinical efficacy of tDCS in the domain of stress-related disorders has 
been scarce. At the time the research of this thesis was initiated, only one series of case studies 
in PTSD patients was published76. Saunders and coworkers described the effects of tDCS over 
the left prefrontal cortex in conjunction to computerized cognitive training in four male war 
veterans. While the authors reported improvements on cognitive and emotional performance 
measures (e.g., attention and empathy), insight in the clinical effectivity of tDCS on PTSD 
symptoms was limited. Empirical support for the idea that tDCS could improve top-down 
control of stress-related mechanisms came from laboratory studies in nonclinical populations. 
For example, anodal tDCS over the left dorsolateral prefrontal cortex was shown to reduce 
attentional bias for threat77, attenuate physiological reactivity to stressors78, and improve 
frustration tolerance79. Although such results were promising, these studies were typically 
performed with limited sample sizes. Moreover, randomized controlled tDCS trials in patients 
with anxiety, aggression regulation problems or PTSD were lacking17,80. Hence, to gain better 
insight in the clinical efficacy of tDCS for stress-related mental health disorders, larger-scale 
trials in relevant clinical populations with appropriate sample sizes are needed.

STUDY AIMS AND OUTLINE
The present work was therefore aimed at translating laboratory tDCS research to a clinically 
relevant population in well-powered studies. The overarching hypothesis was that treatment 
and resilience for stress-related mental health symptoms in the military could be improved by 
boosting functioning of regions in the lateral prefrontal cortex using anodal tDCS.

The objective of our first study was to gain more insight in the effectivity and optimal 
stimulation parameters of non-invasive brain stimulation to affect processes relevant to stress 
resilience and recovery. In addition to tDCS studies, we also included studies of repetitive 
TMS (rTMS). TMS uses magnetic pulses that induce an electric field of short duration (~0.5 
ms) in the underlying cortex, where it is strong enough to initiate action potentials (peak 
intensities around 100 V/m)11,81. Repetitive trains of magnetic pulses applied in a low frequency 
(<1 Hz) inhibit cortical excitability and synaptic plasticity, while a high frequency (5-20 Hz) 
enhances it82,83. These rTMS protocols are often used with similar aims as cathodal and 
anodal tDCS, that is, to inhibit or facilitate activity in the targeted cortical region. Chapter 2 
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15Introduction

describes a systematic review and meta-analysis of experimental studies of rTMS or tDCS of 
the prefrontal cortex. The effects of rTMS and tDCS on emotion regulation were quantified 
based on changes in emotional responses to (laboratory) stressors. The influence of several 
stimulation parameters, such as targeted hemisphere (left vs. right prefrontal cortex) and 
polarity (anodal vs. cathodal tDCS) were additionally evaluated.

Box 1.2. Functional targeting with tDCS

One widely adopted theoretical framework suggesting state-dependency of tDCS-effects 
is the ‘activity-selective hypothesis’93. According to this hypothesis, the subthreshold effect 
of tDCS by itself is relatively weak and unspecific, but when added to an activated neural 
pathway, it can significantly modulate the already ongoing neural activity and synaptic 
potentiation. Empirical support for this hypothesis comes, for example, from in vitro studies 
showing that anodal direct current stimulation enhances synaptic plasticity in hippocampal 
slices when plasticity is concurrently induced, but not when synapses are only weakly 
activated67,94. Likewise, meta-analytic results of in vivo studies showed significantly stronger 
effects on cognitive performance when anodal tDCS is applied during cognitive learning 
(which induces synaptic plasticity) than during cognitive test-performance95. Moreover, 
in a study of verbal fluency task performance96, anodal tDCS over the left inferior frontal 
gyrus has been shown to enhance TMS-evoked responses in EEG (representing cortical 
excitability) when a TMS pulse was applied to another verbal fluency-related region (left 
premotor cortex), but not when the TMS pulse was applied to a task-unrelated region 
(superior parietal lobule). This suggest that tDCS predominantly modulates excitability 
and ongoing plasticity in cortical regions that are activated during stimulation.

Importantly, the activity-selective hypothesis makes two predictions that are relevant to 
the present work. First, tDCS combined with a learning task that induces synaptic plasticity 
would yield stronger effects. Second, the effects of tDCS would be specific to the domain 
of the learning task. This has also been called ‘functional targeting’ with tDCS.

Next, Chapter 3 and Chapter 4 describe a tDCS study in a military patient sample with PTSD, 
anxiety and aggression regulation problems. An intervention was applied with five sessions 
of tDCS over the right ventrolateral prefrontal cortex (inferior frontal gyrus) combined with 
computerized cognitive training, based on evidence suggesting that tDCS effectivity is higher 
when the stimulation is combined with a learning task, see Box 1.2. The combined tDCS-
training intervention was hypothesized to recover stress-related impairments in inhibitory 
control, and in turn improve symptom recovery. Chapter 3 presents a large randomized 
controlled trial (RCT) on the effectivity of this intervention. In addition, because successful 
implementation of potential novel treatment tools like tDCS also depend on its acceptability 
for the end users in clinical practice, Chapter 4 describes a mixed-method study on the 

1
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16 CHAPTER 1

experience and perspectives of military patients and caregivers on the acceptability of tDCS 
in the treatment of stress-related mental health disorders.

Chapter 5 and Chapter 6 describe a second tDCS study on the effect of combined tDCS and 
cognitive training to boost psychological resilience in healthy military personnel. Chapter 5 
presents the study of the main hypothesis that this tDCS-training intervention would enhance 
emotional working memory, and in turn improve top-down stress regulation capacities. 
Chapter 6 presents the study of the secondary outcomes of this study which involve 
cognitive changes (inhibitory and attentional control) and neural activity changes (EEG-based 
event-related potentials and frontal activity asymmetry) associated with the tDCS-training 
intervention.

The general discussion of Chapter 7 summarizes the study results and conclusions. This 
chapter also critically evaluates the methods and observed results of the present work. This 
is followed by suggested directions for future research. Finally, the clinical implications and 
ethical considerations related to the studies of this thesis are considered.
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ABSTRACT
Excessive emotional responses to stressful events can detrimentally affect psychological 
functioning and mental health. Recent studies have provided evidence that non-invasive 
brain stimulation (NBS) targeting the prefrontal cortex (PFC) can affect the regulation of 
stress-related emotional responses. However, the reliability and effect sizes have not been 
systematically analyzed. In the present study, we reviewed and meta-analyzed the effects of 
repetitive transcranial magnetic (rTMS) and direct current stimulation (tDCS) over the PFC on 
acute emotional stress reactivity in healthy individuals. Forty sham-controlled single-session 
rTMS and tDCS studies were included. Separate random-effects models were performed to 
estimate the mean effect sizes of emotional reactivity. Twelve rTMS studies together showed 
no evidence that rTMS over the PFC influenced emotional reactivity. Twenty-six anodal tDCS 
studies yielded a weak beneficial effect on stress-related emotional reactivity (Hedges’ g = 
-0.16, CI95% = [-0.33, 0.00]). These findings suggest that a single session of NBS is insufficient 
to induce reliable, clinically significant effects, but also provide preliminary evidence that 
specific NBS methods can affect emotional reactivity. This may motivate further research into 
augmenting the efficacy of NBS protocols on stress-related processes.
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INTRODUCTION
Stress is an integral part of life. It fundamentally serves to protect from danger and adapt to 
challenges. The adaptive stress response can, however, become detrimental when it is turned 
on too frequently or does not properly shut off1. Responses to stress include feelings of distress 
and negative emotions. Acute stress can impair executive functions2 and adversely affect 
performance and decision making, such as during surgeries3,4, emergency service operations5 
and military operations6,7. Moreover, chronically elevated emotional responses to stress 
increase long-term daily negative affect and the risk on developing affective disorders8–10. 
Finding ways to modulate acute emotional responses to stress, also called emotional stress 
reactivity, is therefore relevant for daily functioning and wellbeing.

Emotional stress reactivity is associated with multiple brain regions, including the amygdala, 
hippocampus and frontal cortical areas. The prefrontal cortex (PFC) plays an important role 
in regulating acute stress responses on physiological, behavioral and affective levels11. Within 
the PFC, the ventromedial part (VMPFC) contains the major structural prefrontal-amygdala 
connections12 and modulates the hypothalamic-pituitary-adrenal (HPA) axis response 
to stress13. Higher activation of the VMPFC is associated with reduced amygdala activity, 
diminished experience of negative emotions and better fear extinction learning14. The lateral 
parts of the PFC, the dorsolateral PFC (DLPFC) and the ventrolateral PFC (VLPFC), are associated 
with intentional or effortful emotion regulation by employing cognitive strategies, including 
(re)appraisal of emotional stimuli, response inhibition, attention regulation, and working 
memory15–23. Yet, PFC structure and PFC functions are particularly vulnerable to the effects 
of acute and chronic stress2,11,24,25. Moreover, stress and anxiety symptoms, characterized by 
exaggerated or context-inappropriate acute emotional response to stress, are clearly related 
to impaired PFC functioning26–34. Enhancing the regulatory function of the PFC could thus 
improve appropriate downregulation of stress-related emotions.

In addition to targeting PFC functioning with pharmacological (see e.g.35,36) and psychological 
treatments (see e.g.37–40), noninvasive brain stimulation (NBS) may provide another means 
to modulate stress reactivity. Two widely used NBS techniques are repetitive transcranial 
magnetic (rTMS) and direct current stimulation (tDCS). With rTMS, magnetic pulses are 
delivered to the scalp that can increase or decrease neural excitability and shape synaptic 
plasticity in the underlying cortical areas. An increase in neural excitability is generally 
induced by high-frequency rTMS (pulse frequency ≥ 5 Hz), whereas a decrease in neural 
excitability is generally induced by low-frequency rTMS (pulse frequency 0.1 - 1 Hz)41–45. Theta 
burst stimulation (TBS) is a specific form of rTMS using trains of three 50-Hz pulses repeated 
every 200 ms. When delivery of these pulse trains is intermitted by 8-second pauses, neural 
excitability generally increases, while neural excitability generally decreases when the pulse 
trains are delivered continuously or prolonged44,46. To control for placebo effects, active rTMS 
is compared to sham rTMS, where the rTMS coil is tilted or equipped with a magnetic shield to 
mimic the clicking sounds and, to some extent, the peripheral skin sensations without effective 
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brain stimulation47. With tDCS, a weak electrical current (1 - 2.5 mA) is applied between two 
electrodes placed on the scalp that can change cortical excitability in a polarity-dependent 
fashion48. Anodal tDCS generally facilitates neural excitability and plasticity, while cathodal 
tDCS generally decreases neural excitability and plasticity41,42,49. Active tDCS is commonly 
compared to sham tDCS, where the current is only ramped up and down at the beginning of 
the stimulation to mimic skin sensations without any effective stimulation of the brain50. When 
applied to the PFC, both rTMS and tDCS effects also influence brain regions that are distal but 
connected to the stimulated region, including contralateral prefrontal areas and limbic regions 
such as the amygdala51. To illustrate the rTMS- and tDCS-induced electric field distributions 
over the cortical surface, Figure 1 depicts simulated images based on two examples of NBS 
montages that can be used for prefrontal NBS.

Figure 1. Example of simulated images of induced electric fields by an rTMS and a tDCS montage (Sim-
NIBS 2.1276). Note the difference in focality and magnitude of the electric fields induced by the two NBS 
techniques. The depicted rTMS-induced field simulation is based on pulses from a figure-of-eight double 
70 mm coil placed over the 10-20 system electrode position F3 (left DLPFC). The depicted tDCS-induced 
field simulation is based on a direct current with an intensity of 2.0 mA flowing between a 5x7 cm anode 
and a 5x7 cm cathode, placed over electrode position F3 (left DLPFC) and Fp2 respectively.

Some evidence for the effectivity of rTMS and tDCS in modulating stress- and emotion-related 
processes comes from NBS interventions that have been carried out in the area of stress-
related affective disorders. For example, applying rTMS over the DLPFC can reduce symptoms 
of depression52–55, PTSD56–60, and possibly also generalized anxiety and panic disorder61–65. 
However, some studies showed no effects66,67 and uncertainties remain regarding the optimal 
rTMS settings, such as pulse frequency68 and target region59. Effects of tDCS on stress-related 
symptoms have to date been investigated to a lesser extent than rTMS. Nonetheless, there is 
evidence that anodal tDCS over the left DLPFC reduces depressive symptoms69. Moreover, two 
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sham-controlled studies showed significantly reduced PTSD symptoms after interventions 
with bilateral tDCS over the DLPFC70 or anodal tDCS over the VMPFC during trauma exposure71. 
Further reports of tDCS effects on anxiety are summarized by Vicario and colleagues (2019)65.

Although these effects of NBS interventions on stress-related symptoms look promising, 
the evidence remains inconclusive and leaves unclear how NBS is influencing stress- and 
emotion-related processes. Therefore, NBS effects on underlying biological and cognitive 
mechanisms of stress and emotion have been further examined in many experimental 
studies in healthy volunteers that investigate how acute stress-related processes are affected 
directly after NBS. Such studies showed, for example, that a single session of prefrontal NBS 
does not directly change baseline mood in healthy individuals72. On the other hand, some 
prefrontal NBS methods, such as high-frequency rTMS and anodal tDCS to the DLPFC, 
influence cognitive processes that support the regulation of acute emotional stress reactions; 
applying these prefrontal NBS methods in a single session already enhances working memory 
performance73–75, may adjust attentional bias to threat76,77, and can modulate identification 
and retrieval of emotional information, response inhibition and risky decision-making76,78–82. 
Furthermore, a recent meta-analysis showed that a single session of high-frequency rTMS 
and, to a lesser extent, anodal tDCS to the PFC, attenuates activity of the autonomic nervous 
system83, which plays an important role in the acute physiological stress response.

Together this suggests that prefrontal NBS could modulate how one responds to stress. 
Several NBS studies on emotional stress reactivity have already been performed, where NBS is 
applied either directly before or during a stress manipulation. Laboratory stress manipulations 
are typically used, such as exposing participants to aversive visual material like arousing 
pictures or movie clips with emotionally negative content. Because aversive stimulus viewing 
paradigms use symbolic representations of a stressor (e.g., pictures of mutilated bodies), 
these paradigms can be considered passive stress inductions. Other studies use psychosocial 
stress manipulations, such as the Trier social stress test (TSST)84 or social exclusion in the 
Cyberball game85. Aversive physical or auditory stimuli can also be used to induce stress, 
such as cold, heat or pain, or electrical shocks and loud noises in fear conditioning paradigms. 
All these laboratory stress manipulations increase feelings of unpleasantness and arousal 
and elicit immediate stress responses at the level of the sympathetic nervous system86–97. 
Stress responses at the level of the HPA-axis can also be elicited, particularly by psychosocial 
stressors89,98, prolonged physical stressors95, cognitive challenge stressors99, and, to some 
extent, negative mood inductions100–102. Next to behavioral and physiological reactivity, the 
subjective experience of emotions represents another aspect of the stress response103,104. 
Emotional experiences in response to these stress manipulations are usually measured by 
self-report on negative emotional state scales or questionnaires, assessed during or directly 
after the stress manipulation. Emotional reactivity can also be assessed by rating the perceived 
emotional content of aversive stimuli used in the stress manipulation88. Such laboratory 
stressors and emotional measurements provide a controlled environment to assess the direct 
effects of NBS on subjective emotional stress reactivity.

2
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Individual NBS studies on emotional reactivity may use diverse NBS techniques, diverse stress 
manipulations and diverse measurement methods. The findings across these different studies 
could collectively demonstrate the immediate effects of NBS on global emotional reactivity, 
and thereby provide insights into the usefulness of a single session of NBS in modulating 
affective stress responses. Therefore, we assembled all measurements of self-reported 
emotional responses to stress after a single session of prefrontal NBS from previous studies. 
This systematic review aims to provide an interim overview and quantification of the effects 
of rTMS and tDCS studies with healthy participants. Since effectiveness of rTMS and tDCS may 
diverge83,105 and pulse frequency or current polarity may determine the direction of effects, 
results of low- and high-frequency rTMS and of anodal and cathodal tDCS were considered 
separately. Where the sample size of studies in the analyses allowed, we additionally examined 
the quantitative influence of targeted hemisphere (left PFC vs. right PFC) and type of stress 
(passive stress induction, psychosocial stress or physical or auditory stress).

METHOD

LITERATURE SEARCH
The electronic databases MEDLINE, Web of Science Core Collection and Scopus were 
systematically searched for rTMS and tDCS studies assessing self-reported emotional state 
in response to a stress induction. We retrieved articles up to October 2019.

Our search contained the following terms: Non-invasive brain/cortical stimulation, transcranial 
brain stimulation, transcranial electrical/direct current stimulation, repetitive transcranial 
magnetic stimulation, theta burst stimulation, stress/stressor, threat, fear, anxiety/anxious, 
emotion/emotional, aggression/aggressive. To concentrate on adult human studies, we added: 
human, individuals, participants, subjects, men, women, NOT child, NOT infant. Because we 
focused on the PFC, we added: prefrontal, frontal, PFC. The exact search terms per database 
are provided in the appendix.

LITERATURE REVIEW
The Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) 
Statement106 and Cochrane Handbook107 guided this quantitative review. First, two authors 
(FS and EG) independently reviewed titles and abstracts on suitability. Second, full text copies 
of the remaining articles were evaluated for inclusion and study references were screened for 
further relevant articles. Discrepancies in judgement of eligibility were resolved by consensus 
(FS, EG and DS).

ELIGIBILITY CRITERIA
Retrieved studies were selected if they fulfilled the following criteria:
a. The report is published in a peer-reviewed journal.
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b. The study design includes a control condition. Eligible control conditions are restricted to 
the commonly used methods to apply sham stimulation as described in the Introduction.

c. The study procedure includes a stress induction. A stress induction was defined as any 
adverse or demanding condition that exposes participants to physical, psychosocial, 
mental (cognitive) or emotional stress. Emotional stress involves stimuli inducing negative 
stress-related emotions such as fear, anxiety or anger. Studies with sadness-inducing 
manipulations were also included because they elicit responses that resemble other 
negative emotion inductions (e.g., fear) in terms of amygdala reactivity108, sympathetic 
nervous system reactivity109, HPA-axis reactivity100,102, and feelings of unpleasantness 
and arousal110.

d. The study procedure includes the application of rTMS or tDCS over the PFC, with the aim 
to modulate the outcome measure.

e. The study aims to test NBS effects on emotional responses to a stress induction.
f. The study reports data of subjective negative emotional state measured within the time 

frame of NBS (after-)effects, in response to the stress induction. This involves all kinds of 
self-report measures of negative emotional reactivity, including experienced negative 
emotions and perceived emotional content of negative stimuli (i.e., stimulus ratings). 
Stimulus ratings differ from ratings of experienced emotions in terms of perspective or 
reference (stimulus ratings are ‘world-focused’ while emotional experience ratings are 
‘self-focused’), but both ratings share features of emotional reactivity88,111.

g. The study participants are healthy adults (18-70 years of age).
h. The study report is written in English.

DATA EXTRACTION AND PROCESSING
To evaluate the effect of prefrontal NBS on emotional reactivity, we focused on outcomes of 
self-report scores of emotional state questions or questionnaires. Of studies that reported 
such emotional stress reactivity scores, we examined which NBS methods were applied, which 
prefrontal region and hemisphere was targeted, what type of stress was induced, which task 
or context was used in the experiment, which state or trait factors influenced the NBS effects, 
which NBS settings were applied (pulse/current intensity and quantity, sham condition, tDCS: 
location of reference electrode), and how and when the outcome was measured.

For additional quantitative analyses, mean scores of emotional reactivity and corresponding 
standard deviations for the active NBS and sham conditions were extracted from each 
paper, its supplementary materials, or from data provided by authors on request. If these 
data were presented in graphs, we extracted the numerical scores and corresponding 
standard deviations in Plot Digitizer (plotdigitizer.sourceforge.net). The emotional state 
scores assessed during or after NBS (final emotional state scores) were used as the outcome 
variable in our analyses. If final scores were not available, we used the change-from-baseline 
scores instead (n = 3), which theoretically addresses the same underlying effect as the final 
scores in randomized controlled studies107. Higher scores corresponded to stronger negative 
emotion in most studies. If a reversed scale was used in the original study (i.e. higher scores 
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corresponded to weaker emotion), group mean values were transformed to get in line with 
the other data by subtracting the original group mean values from the maximum score of the 
applied scale. Finally, Hedges’ g effect size112 was calculated for each separate experiment or 
outcome with the R package Metafor113,114. The correction for overestimating effect sizes in 
small study samples was applied115, resulting in a corrected Hedges’ g (also known as Hedges’ 
d). Negative effect sizes following from these computations indicate that active NBS lowered 
negative emotional stress reactivity relative to the sham condition.

We estimated the weighted mean effect sizes in separate random-effects models for studies 
using high-frequency rTMS or intermittent TBS protocols, for low-frequency rTMS, prolonged 
intermittent TBS or continuous TBS protocols, for anodal tDCS, and for cathodal tDCS. The 
majority of studies reported more than one experiment or outcome of emotional reactivity. 
To be complete, we included all emotional reactivity outcomes from each study. We controlled 
for the dependence among effect sizes from the same study by applying robust variance 
estimation (RVE)116,117 using the R package Robumeta118, Metafor114, and ClubSandwich119. With 
RVE, a covariance matrix is estimated for correlated effects. sizes were also corrected for small 
samples120. Second, we investigated if target hemisphere (left PFC vs. right PFC) and type of 
stress induction (passive stress induction vs. psychosocial stress vs. aversive physical or auditory 
stress) influenced the effect of prefrontal NBS on emotional reactivity by adding these factors 
as categorical moderators to the model. The target hemisphere for tDCS was defined as the 
hemisphere that was the intended target of the original study, or, in case of a bipolar electrode 
montage, the hemisphere that was targeted by the anodal electrode. Moderator analyses were 
only carried out if each subgroup in the analysis contained data from at least four different studies.

QUALITY AND RISK OF BIAS ASSESSMENT
Methodological quality of each study was scored based on adequate reporting, external and 
internal validity and possible confounders, according to the study quality assessment tool 
for interventions in health care121. Additionally, risk of bias in the method and concealment of 
group allocation, blinding, selective outcome reporting, and other sources of potential bias 
(e.g., conflicts of interest) were assessed according to the tool of Hartling and colleagues 
(2012)122. We assessed risk of publication bias by visually inspecting asymmetry in funnel plots 
of effect sizes against their standard errors for samples with at least ten different studies. 
Funnel plot asymmetry was also formally tested by an Egger’s regression test.

RESULTS
The systematic literature search yielded 419 studies (Figure 2). We added 10 studies identified 
from the references of the retrieved articles. After removing duplicate research, the titles 
and abstracts of 424 studies were screened for eligibility. Of these, 125 potentially relevant 
articles were selected for full text evaluation, including 50 studies that fulfilled the eligibility 
criteria. This final set contained 40 (80%) studies that reported or provided on request the 
numerical data of emotional state measures or emotional stimulus ratings, including 118 
separate outcomes.
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33NBS effects on emotional reactivity

Figure 2. PRISMA flow diagram.

STUDY CHARACTERISTICS
All included studies were performed in healthy young individuals who were free from current 
psychiatric or neurological conditions. The majority of studies used mixed gender samples, 
except for seven exclusively female study samples and four exclusively male study samples. 
Other study details can be found in Table 1 and Table 2. All stimulation-related changes in 
emotional stress reactivity discussed below are described in comparison to results from sham 
conditions.
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48 CHAPTER 2

RTMS

High-frequency rTMS and intermittent TBS
We identified five high-frequency rTMS studies and two intermittent TBS studies that reported 
in total twelve different outcomes on emotional stress reactivity. The majority of these studies 
focused on the DLPFC. Two studies found no effect of 20-Hz rTMS or intermittent TBS over 
the left DLPFC on emotional responses to psychosocial stress123,124, and two other studies 
found no effect of 10-Hz rTMS over the right DLPFC on ratings of perceived emotional content 
or experienced negative emotion in response to aversive pictures125,126. Two studies did 
find a significant effect of NBS over the DLPFC on emotional stress reactivity. Notzon and 
colleagues (2018)127, who targeted the right DLPFC, found a decrease in perceived negative 
valence and arousal of fearful face pictures after intermittent TBS. Möbius and colleagues 
(2017)128, who instead targeted the left DLPFC, found an increase in experienced sadness after 
watching sad movie clips following 10-Hz rTMS. Please note that, different from the other 
stress manipulations, this stress manipulation is limited to inducing sadness. The VMPFC 
was targeted in one study with 10-Hz rTMS129 which effectively reduced emotional responses 
to fear-conditioned stimuli during extinction learning. For further details on stimulation 
parameters, type of stress and experimental context of each study, see Table 1.

The data from this sample of studies (k = 7, n = 251) showed moderate heterogeneity (I2 = 
49.0%), and the summary analysis estimated a weighted mean effect of g = -0.06, CI95% = [-0.35, 
0.24], p = 0.70. Based on these few studies, this analysis showed no significant main effect and 
the low statistical power prevented further analysis of potential moderators.

Low-frequency rTMS, prolonged intermittent TBS and continuous TBS
We identified four low-frequency rTMS studies, one continuous TBS study, and one prolonged 
intermittent TBS study that reported in total fourteen different outcomes on emotional stress 
reactivity. All these studies focused on the DLPFC (see Table 1 for further study details). Three 
of the low-frequency rTMS studies targeting the right or left DLPFC found no effect on perceived 
emotional content of negative pictures or on biologically induced panic125,130,131. The fourth low-
frequency rTMS study132 also showed no group-level differences, but did find a link between 
a higher aversive impact of social exclusion in the Cyberball game and higher trait personal 
distress after active 1-Hz rTMS to the left DLPFC, but not after sham rTMS. The authors interpret 
this finding in terms of brain-state dependency of rTMS effects; rTMS may have amplified 
emotional reactivity only in those who are more sensitive to interpersonal stress.

Of the two studies using continuous or prolonged intermittent TBS, Hurlemann and colleagues 
(2015)133 found no effects of left DLPFC or left DMPFC stimulation on perceived emotional 
content of negative stimuli, while Keuper and colleagues (2018)134 showed that participants 
perceived negative pictures as less negative and less arousing after continuous TBS to the 
right DLPFC.
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Together, the data from these studies (k = 6, n = 207) showed low heterogeneity (I2 = 14.3%). The 
summary analysis estimated a weighted mean effect of g = -0.13, (CI95% = [-0.42, 0.16], p = 0.39). 
Also here, the low number of studies in this sample did not allow further moderator analyses.

TDCS

Anodal tDCS
We identified 26 anodal tDCS studies that reported in total 79 different outcomes on emotional 
stress reactivity (see Table 2 for study details). Of the studies focusing on the DLPFC, six studies 
targeting the left DLPFC75,135–138 or right DLPFC75,137,139 found no tDCS effects on emotional 
stress reactivity. This number includes the study of Baeken and colleagues (2018)138 who 
additionally reported no relationship between a measure of psychosocial stress sensitivity 
and psychosocial stress reactivity on the level of emotional experience140. In contrast, six other 
studies targeting the left DLPFC141–145 or right DLPFC144 did find a significant decline in emotional 
stress reactivity after tDCS, or at least in a subset of emotional outcomes146. Hence, in half of the 
studies targeting the DLPFC, anodal tDCS lowered emotional stress reactivity, while the other 
half of the studies showed no significant effects on similar outcomes. Focusing on the VLPFC, 
one study found no effect of anodal tDCS to the right VLPFC on emotional responses to threat 
of shock147, while two studies of anodal tDCS to the same region found significantly weaker 
negative emotional experience in response to psychosocial stress or aversive pictures148,149. 
The VMPFC was targeted in three studies, of which two showed no tDCS effects on experienced 
emotions after psychosocial stress or watching aversive pictures150,151. The third study did 
find support for tDCS being able to significantly reduce emotional experience in response 
to aversive pictures152. Furthermore, a number of studies found interesting indirect anodal 
tDCS effects on emotional reactivity. Three studies showed that anodal tDCS only reduced 
emotional reactivity when participants actively downregulated their emotions, but not 
when participants maintained their natural emotional responses153–155. The first two studies 
showed these effects after placing the anode over the right DLFPC or right VLPFC153,154, but 
the third study155 only found significant effects after anodal stimulation of the left VLPFC with 
the cathode placed on the contralateral VLPFC, but not with the reversed montage or when 
the bilateral montage was placed over the DLPFC. In addition, Chen and colleagues (2017)156 
showed that anodal tDCS to the left DLPFC reduced attention bias towards threat videos, which 
was, in turn, associated with less emotional reactivity to these videos.

With regard to location of the reference electrode, the above-described studies did not show a 
clear influence of cathode location on the effect of anodal stimulation (see Table 2 for cathode 
locations per study). Yet, a number of studies do show different effects of tDCS with different 
montages. For example, Dittert and colleagues (2018)157 found that bilateral VMPFC stimulation 
with the anode over the left VMPFC, but not the reversed montage, enhanced fear extinction 
learning, i.e. reduced fear for the conditioned stimulus when the unconditioned threat stimulus 
(aversive loud scream) was no longer presented. In contrast, Abend and colleagues (2016)158, 
who stimulated the VMPFC by placing the anode over the forehead and the cathode on the 
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back of the head, found that tDCS inhibited fear extinction learning. Hortensius, Schutter and 
Harmon-Jones (2012)159, who found no group-level differences in anger after negative social 
feedback, showed that a correlation between increased anger and more aggressive behavioral 
responses only appeared after bilateral DLPFC stimulation with the anode over the left DLPFC, 
but not after stimulation with the reversed montage. Similarly, Kelley and colleagues (2015)160 
found that bilateral DLPFC stimulation with the anode over the left DLPFC, but not with the 
anode over the right DLPFC, increased jealousy after social exclusion in the Cyberball game.

Together, the data from these studies (k = 26, n = 1284) showed moderate heterogeneity (I2 = 
48.59%). The full random-effects model showed a statistically significant weighted mean effect 
size of g = -0.16, CI95% = [-0.33, 0.00], p = 0.05 (see Figure 3), indicating that anodal tDCS lowers 
emotional stress reactivity compared to sham tDCS. This effect was not significantly moderated 
by type of stress (Q(3) = 5.56, p = 0.14). The moderation of the effect by target hemisphere 
approached significance (Q(2) = 4.95, p = 0.08). Follow-up analyses showed a very small numerical 
difference between left- and right-sided effect sizes. Separate effects of left- and right-sided 
prefrontal tDCS were not statistically significant (right PFC: g = -0.23, CI95% = [-0.48, 0.03], p = 0.08); 
left PFC: g = -0.17, CI95% = [-0.41, 0.07], p = 0.16). The funnel plot of all A-tDCS effects together did 
not show significant asymmetry (see Figure 4, Egger’s regression test: t(77) = -0.02, p = 0.99).

Cathodal tDCS
We identified seven cathodal tDCS studies that reported in total thirteen different outcomes 
on emotional stress reactivity. Six of these studies found no effect on emotional reactivity 
to negative pictures or videos or to psychosocial stress after cathodal tDCS applied over 
the left or right DLPFC, the right VLPFC or the VMPFC (see Table 2 for other experimental 
settings)135,139,142,150,151,161. Only Riva and colleagues (2015)162, who applied cathodal tDCS over 
the right VLPFC and placed the anode over the contralateral orbitofrontal area, showed a 
significant amplification of emotional reactivity to social exclusion in a Cyberball game, which 
was not found when the cathode was placed over the parietal cortex.

Together, the data from these studies (k = 7, n = 271) showed moderate heterogeneity (I2 = 
43.9%), and the summary analysis estimated a mean effect of g = -0.02, CI95% = [-0.22, 0.28], 
p = 0.90. As with the rTMS analyses, the low number of studies in this sample did not allow 
further quantitative analyses.

QUALITY AND RISK OF BIAS
Figure 5 presents a graphical overview of methodological quality and risk of bias in the 
included studies. A common methodological weakness was incomplete reporting of 
experimental methods or results. Risk of bias in the included studies was strongest with regard 
to blinding: whether study personnel were blind to stimulation condition was often unclear, 
especially in rTMS studies where blinding procedures are more challenging than for tDCS. 
Additionally, although participants were typically randomized to conditions, many studies 
did not specify how the randomization sequence was generated, how groups were matched, 
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and if group allocation was concealed for study personnel, leaving it unclear if these studies 
dealt adequately with group-related confounders.

Figure 3. Forest plot of the separate outcomes of anodal tDCS studies. The figure additionally depicts for 
each study the sample sizes of active tDCS and sham tDCS conditions (sham sample size is left blank for 
cross-over studies), the target area for anodal stimulation, the type of stress induction in the experiment, 
and the outcome measure.
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Figure 4. Funnel plot of anodal tDCS studies. Note: because two studies reported many separate out-
comes144,155, the standard errors of their effects were increased by the RVE correction. These effects 
therefore appear at the bottom of the plot.

Figure 5. Methodological quality and risk of bias of the included studies.
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DISCUSSION
Ongoing research efforts are dedicated to establish and understand NBS effects on stress-
related processes. Experimental evidence is often derived from direct effects of single NBS 
sessions on acute stress. However, it has not been systematically analyzed if and how single 
sessions of prefrontal NBS affect stress reactivity on the level of subjective emotion in a 
normal-functioning stress system. We therefore systematically reviewed and quantified the 
immediate effects of prefrontal NBS on emotional stress reactivity in forty sham-controlled 
healthy participant single-session NBS studies, including 12 rTMS studies and 28 tDCS studies.

The data from these studies show that the effects of a single session of prefrontal NBS may not 
be strong and stable enough to induce clinically relevant effects on emotional stress reactivity 
in all healthy individuals. On the other hand, some methods show promising effects that are 
worth further investigation. Acute effects of rTMS on emotional reactivity were investigated 
by relatively few studies, which showed effects in different directions. Acute effects of tDCS 
were more widely investigated and quantitative results showed that applying anodal tDCS 
over the PFC overall slightly reduced negative stress-related emotions. However, effectivity 
of anodal tDCS varied between studies. Follow-up analyses suggested that the overall effect 
of anodal tDCS did not significantly depend on targeted hemisphere (left or right PFC), or on 
the type of stress that was induced (passive stress induction, psychosocial stress or aversive 
physical or auditory events). Several findings do suggest dependence of NBS effectivity on 
a number of other experimental and personal factors, including the NBS settings and the 
participant’s psychological state.

Remue and colleagues (2016)72 concluded that a single session of prefrontal NBS does 
not affect mood. The present results, however, give an indication that a single session of 
prefrontal NBS may be able to modulate negative emotional state in response to stress, at 
least when using anodal tDCS. This suggests that prefrontal NBS could affect the emotional 
response to a threat or challenge rather than affecting emotional state by itself. Hence, 
prefrontal NBS may modify processes that are involved in changing the emotional state, rather 
than directly affecting ‘static’ emotional experience. Prefrontal NBS effects on emotional 
reactivity could be a result of effects on processes involved in emotion regulation. This is 
supported by a number of studies showing that anodal tDCS over the PFC mainly facilitates 
the cognitive modulation of emotions. For example, when participants were instructed to 
up- or downregulate emotional experience, anodal tDCS enhanced or reduced emotional 
reactions specifically in the instructed direction153–155. In addition, tDCS may primarily affect 
attentional processes associated with the emotional experience156. Such results fit in with the 
previously proposed idea that prefrontal NBS modulates affective symptoms by improving 
the ability to self-regulate emotions through enhanced working memory and other cognitive 
control processes163–165. However, this NBS effect on emotion regulation is not always found in 
single-session NBS studies (see e.g., the study of Jansen and colleagues (2019)126). Conclusions 
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about the effect of NBS on emotion regulation are beyond the scope of the present results, 
and this hypothesis should be further tested in future studies.

Of the NBS techniques considered in the present article, RTMS and tDCS, it is relatively 
unexpected that rTMS shows the most uncertain effects. rTMS and tDCS differ in their 
primary neurophysiological effects, focality and other factors42,166. Clinical effects in affective 
disorders such as depression are more established for rTMS52,54 than for tDCS69, and effects 
on physiological stress reactivity are higher for prefrontal rTMS than for prefrontal tDCS83. 
However, fewer rTMS studies than tDCS studies on emotional stress reactivity were available 
for the present analyses. Many single-session rTMS studies were not eligible for the current 
analyses because no experimental stress induction was applied or because emotions were not 
measured within the time frame of acute rTMS effects. Of the rTMS studies that did measure 
emotional reactivity, some findings suggest that the acute outcome of rTMS depends on 
task instructions, rTMS settings or psychological state127,128,132. Other rTMS studies did not 
report any significant effects of a single rTMS session. Lack of acute rTMS effects on emotional 
reactivity may also be related to timing; tDCS studies often induced the stress or measured the 
emotional outcome during stimulation, whereas in rTMS studies these procedures usually take 
place after the stimulation is finished. Moreover, although the research objectives overlapped 
among the rTMS studies, the number of studies that used the same rTMS methods was limited. 
The heterogeneity in applied rTMS methods raises an issue concerning the aggregation of 
their results. The present results should therefore be considered as work in progress, and 
indicative for the dependence of rTMS effects on various technical, contextual and task-related 
factors. The influence of such factors should be further investigated before drawing definitive 
conclusions about the overall effectiveness of rTMS in modulating emotional stress reactivity. 
On the other hand, the present results also suggest that anodal tDCS might complement rTMS 
as a technique to modulate stress-related processes. If rTMS and tDCS would eventually yield 
comparable results in clinical applications, tDCS might be preferred over rTMS for its easier 
use, portability, and lower costs166,167.

The evidence for cathodal tDCS effects on subjective stress-related emotions is sparse. 
Perhaps, cathodal tDCS has low effectivity in general. Little support for significant effects 
of cathodal tDCS is in line with previous findings of tDCS effects on neural excitability168 and 
on cognitive functions169. Yet, cathodal tDCS may affect neural excitability and plasticity in 
opposing ways depending on current intensity and stimulation time170. To provide clearer 
insight in cathodal tDCS, it could be interesting to investigate how these stimulation settings 
may moderate stimulation effects on emotion- and stress-related processes.

With regard to the optimal target hemisphere for prefrontal NBS, previous research showed 
that left-sided and right-sided PFC stimulation can have different effects on brain networks 
involved in emotion regulation and emotional state171,172, but our results did not demonstrate 
a clear influence of target hemisphere (left PFC vs. right PFC) on NBS effects at the level of 
emotional stress reactivity. This is somewhat surprising, since NBS should modulate neural 
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activity primarily in the target hemisphere, and the data in this review was restricted to 
negative emotional states that have been associated with asymmetric prefrontal activation. 
Negative and predominantly withdrawal-related emotions such as fear, nervousness and 
sadness, are associated with greater right- than left-sided PFC activity173–177. In addition, 
greater right-sided PFC activity has been linked to stronger physiological reactivity to 
stress176,178–181, anxiety and depression173,182,183. Greater left-sided PFC activity, on the other 
hand, is linked to stronger approach-related emotional reactions such as enthusiasm173,178,184, 
weaker physiological reactivity to stress176 and reduced emotional reactivity to PTSD symptom 
provocation185. However, greater relative left-sided PFC activity has also been associated with 
stronger feelings of anger and stronger aggressive responses to stress173,186,187. In line with this 
latter effect of left-sided prefrontal dominance, the tDCS studies of Hortensius and colleagues 
(2012)159 and Kelley and colleagues (2015)160 report increased approach-related emotional 
reactivity (measured as feelings of anger and jealousy) specifically after applying anodal tDCS 
to the left PFC and cathodal tDCS to the right DLPFC, but not when the electrode montage 
was reversed. However, our quantitative results overall do not provide evidence supporting 
the acute influence of tDCS or rTMS on frontal asymmetry effects on global emotional stress 
reactivity. The optimal choice of target hemisphere for NBS protocols to modulate emotional 
processes may depend on other stimulation-related factors such as pulse frequency or current 
polarity (see also the discussion by Vicario and colleagues65). Regarding specific PFC targets, 
the overview of included studies on emotional reactivity does not show a clear difference 
between effectivity of NBS over different PFC target regions, and the limited amount of data 
available per PFC target region prevented meaningful comparisons between target regions. 
Moreover, when aggregating across studies, the regional specificity of NBS can be low because 
different localizing methods to target a specific region are used, the electrical field distribution 
is influenced by individual anatomy, and, especially in case of tDCS, the induced electrical 
field is not very focal and depends on the electrode montage. Therefore, in the absence of 
simulations or other measurements of the peak location of the electrical field, we considered 
it more appropriate to collapse the outcomes from NBS studies targeting various PFC regions. 
However, targeting different PFC regions may affect different processes and thereby have 
different effects on stress responses and emotions. To determine the optimal target site for 
NBS effects on stress- and emotion-related outcomes, more specific comparisons between 
NBS target regions based on electrical field distributions are needed.

We also considered differences between NBS effects on emotional reactivity across three 
types of stress: passive stress inductions, psychosocial stress and aversive physical or auditory 
stress. Different types of stress can differently activate stress systems and differently affect 
stress regulation strategies188–190. However, both rTMS and tDCS studies did not demonstrate 
systematic different effects on emotional reactivity across types of stress. It could be that 
the influence of prefrontal NBS on emotional reactivity is independent of stressor category 
because some (medial) PFC regions are involved in general emotion regulation across different 
types of stress14. Alternatively, the variability in NBS effects on emotional reactivity may not 
depend on stress sources, but on additional features of the stressor that partly determine 
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stress response patterns. These include the unpredictability and uncontrollability of the 
stressor99,190 and cognitive appraisals about the stressor104. Additionally, the type of emotion 
induced by the stressor makes a difference; stress responses associated with different types 
of negative emotions, like fear and sadness, show resemblance but also differ in intensity and 
specific activation patterns, such as shown for amygdala activation, sympathetic nervous 
system activations, and feelings of pleasantness and arousal108–110. Some included emotional 
outcomes reported in the studies may also be relatively specific to the stress manipulation. It 
could be difficult to generalize such outcomes to emotional stress reactivity in other situations 
or to stress-related clinical symptoms. For example, NBS effects on anger after psychosocial 
stress may say more about potential NBS effects on symptoms of interpersonal distress than 
on symptoms of panic. However, more research on this topic is needed to be able to zoom in 
on NBS effects on emotion- or stressor-specific processes. This review combines outcomes 
of different stress manipulations to give an indication of NBS effects on global emotional 
reactivity.

Our findings show preliminary evidence that prefrontal NBS, at least with anodal tDCS, 
lowers acute emotional stress reactivity. This motivates further research in the direction 
of using prefrontal NBS in enhancing resilience to acute effects of stress. Such protective 
effects of anodal tDCS have already been show for acute stress interference on cognitive 
performance139,146. If the efficacy of anodal tDCS on emotional reactivity would be further 
developed, it may be used to attenuate the tendency to strongly react with negative emotions 
to daily stressors10, and thereby reduce daily negative affect and the risk on anxiety, chronic 
stress complaints and PTSD191–193. Finally, although speculative, specifically targeting the PFC 
might improve resilience to the detrimental results of early-life adversity or life stress on PFC 
structure and function194,195.

However, beside acute emotional stress reactions, a second important feature is the ‘shut-
off’ or recovery of the stress response once a threat has passed1. Future NBS research should 
therefore continue measuring emotion for a prolonged time after the stress induction, to 
provide more insight in NBS effects in different stages of the emotional stress response, 
including the recovery of emotional stress responses.

Moreover, the presently estimated effect size of single NBS sessions in a non-clinical 
population is small196. An effect size of small magnitude in healthy samples agrees with NBS 
effects on working memory and autonomic nervous system functioning83,105. This may be due 
to a ceiling effect of NBS outcomes when performance on a function is already sufficient197–200. 
Also, because prefrontal NBS effects show intra-individual variability as well as inter-
individual variability, NBS may not always affect emotional reactivity in the same manner 
in all individuals; factors that could influence the strength and direction of NBS effects on 
PFC-related processes include baseline neural activity201,202, stress sensitivity132,142, fatigue, 
task motivation, and gender203. The different NBS methods, participants and experimental 
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contexts that were used in the included studies could therefore have induced heterogeneous 
effects on emotional reactivity, which may diminish the summary effect.

Still, across studies, the present findings show a weak effect of a single tDCS session on acute 
emotion stress reactivity. This effect stimulates to further investigate how the effectiveness of 
prefrontal tDCS, or NBS in general, can be augmented in order to establish clinically significant 
effects on emotional stress reactivity. The first and perhaps most obvious way to augment 
effectiveness is by giving a sequence of multiple stimulation sessions instead of relying on 
single stimulation sessions. Sequences of multiple stimulation sessions augment NBS effects 
on neurophysiology204–208 as well as on behavior, including effects on working memory209 and 
cognitive control210. Moreover, for therapeutic use in affective disorders, a sequence of 20-30 
sessions is recommended211.

Furthermore, the NBS sessions should be combined with a task that activates or trains the 
targeted neural process. It has been proposed that the effects of tDCS are largest in neural 
networks and cognitive functions that are activated or trained during stimulation212–216, 
perhaps because synaptic activity could be a prerequisite for NBS effects to occur217. NBS 
effects may even be specific to the activated neural or cognitive process during stimulation. For 
example, prefrontal tDCS may not have one-directional effects on attentional bias for threat, 
but when participants are trained to direct attention either towards or away from threat, 
tDCS specifically increases the attentional bias convergent with the trained direction218,219. 
Also for other cognitive functions, combining prefrontal tDCS with cognitive training amplifies 
stimulation effects220, resulting in cognitive benefits that can last for weeks or months and 
that can transfer to non-trained cognitive skills210,221. Likewise, combining prefrontal NBS with 
cognitive behavioral therapy222 augments treatment response in depression, PTSD and anxiety 
disorders56,71,223–225, while prefrontal NBS in rest (i.e., NBS by itself) does not produce lasting 
improvements in cognitive performance in neuropsychiatric patients226,227. This suggests that 
NBS effects on emotion regulation processes can be augmented by applying prefrontal NBS 
during cognitive practice or cognitive therapy.

Finally, although the results of our study suggest that raising stress levels in an experiment 
may increase the sensitivity of emotional measures to prefrontal NBS effects, it remains 
unclear whether raising stress levels would also augment prefrontal NBS effects on stress- 
and emotion-related processes. Some studies showed improved PTSD symptom reduction 
when prefrontal NBS was combined with trauma exposure71,228,229, suggesting that NBS can 
act specifically on the activated fear memory processes. However, single-session NBS studies 
on fear extinction in healthy individuals129,157,230–233 and phobia patients234 have shown null-
results or divergent effects of NBS. Further, the effects of a single session of prefrontal NBS on 
cognitive performance can be similar across neutral and emotionally arousing experimental 
contexts235,236, both in depressed and healthy participants237. Hence, single-session NBS 
studies do not clearly demonstrate whether or not prefrontal NBS effectivity depend on 
stress or arousal levels during NBS. In therapeutic uses of NBS, further studies are needed 
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to discover if stress levels influence the effects of NBS on stress reactivity and stress-related 
symptomatology.

FUTURE DIRECTIONS
This study presents an interim overview of the current evidence regarding the direct effects of 
a number of NBS methods on acute emotional stress reactivity. In this field of research, NBS is 
often applied with the objective to simply increase or decrease activity in a brain area in order 
to change stress- or emotion-related outcomes. Yet, our findings show that NBS effects on 
stress- and emotion-related processes vary. To further clarify the possibilities and limitations 
of NBS with regard to emotional stress reactivity, future research should focus on a number 
of important factors.

First of all, the stress processes that are most sensitive to prefrontal NBS should be 
identified. For instance, physiological measures, including heart rate variability and cortisol 
responses, appear more sensitive to the acute effects of NBS than self-reports of emotional 
state75,83,123,133,147,151,154,238–240. Possibly, the physiological stress system mediates the effects 
of NBS on emotional state by lowering bodily arousal, thereby lowering the subjective 
experience of arousal241,242, although the subjective arousal outcomes covered in this review 
did not clearly show stronger NBS effects than other outcomes. Emotional reactivity based 
on dimensions of valence, arousal or motivational direction also shows a stronger link to 
physiological stress reactivity than self-report data of discrete emotions103. Self-reports of 
discrete emotions are subject to many other influences, including emotion vocabulary243 and 
personality characteristics244. On the other hand, some argue that self-reports of discrete 
emotion categories better capture emotional experiences, because they may have more 
semantic value245. Different measures may thus capture different aspects of emotional 
experience. Yet, there are also substantial correlations between valence and arousal ratings 
on one hand, and self-reports of discrete emotions on the other245–247, suggesting that these 
different measures capture similar aspects of emotion too. For this reason, different measures 
of emotional experience have been combined in the present study. To better understand 
how NBS affects different aspects of emotional experience, future studies should make more 
explicit distinctions between different measures of dimensional and discrete emotional 
categories. This difference between measures also demonstrates the need to use measurement 
instruments that are sensitive to the effects of NBS. For example, a single session of prefrontal 
NBS may have little effect on global mood after an experiment72, but could at the same time 
change the acute emotional response to aversive pictures during the experiment144,154,155. In 
addition, subjective experiences of emotion (‘self-focused’ emotions) share features with 
perceptions of emotional stimuli (‘world-focused’ emotions)111, but also refer to distinct 
aspects of emotional processes. The prefrontal cortex, for example, seems more involved in 
self-focused emotional reactivity248, suggesting that the focus of the emotional measure may 
influence sensitivity to prefrontal NBS effects. The use of insensitive measurement instruments 
or measurement timings may introduce heterogeneity in the outcomes and thereby obscure 
the direct effects of NBS.
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Second, acute NBS effects seem to depend on task or experimental settings, such as task 
instructions128,153–155, the relationship between the emotion and the behavior that is induced 
by the stressor159,160, and time between the stress induction and measuring the emotional 
outcome144,154,157. Future NBS research should pay attention to experimental tasks and 
measurement protocols that are sensitive to the NBS effects, especially in single session NBS 
experiments that produce very subtle effects.

Third, preferred cortical targets for NBS applications in stress and emotion may lie beyond 
the PFC. For example, stimulating the dorsal anterior cingulate cortex (dACC) could enhance 
emotional learning and memory for extinction of fear memories163,249. Yet, the dACC may lie out 
of reach for tDCS and conventional rTMS, and might therefore better be targeted by techniques 
such as deep TMS228,250,251. In addition, the occipital cortex252, the parietal cortex253,254, and 
the cerebellum255,256 may be suitable NBS targets to improve emotion regulation or restore 
emotional perception deficits in affective disorders257.

Fourth, applying rTMS in certain rhythmic patterns or using transcranial alternate current 
stimulation (tACS) can induce interaction with other components of brain function than 
conventional rTMS and tDCS, e.g., by influencing ongoing oscillatory activity258–260. Such 
techniques may provide an alternative pathway to modulate cortical excitability258 and 
cognitive functions like working memory261.

Finally, NBS effects are shaped by many technical169,262–266, biological202,267–271, clinical272, and 
personal factors166,273–275. However, the data in the present quantitative analysis did not allow 
analyses of all these factor-specific effects. Accordingly, the estimated effect sizes in this work 
might not be applicable to specific methods or populations. Future research should determine 
if and how moderating factors shape the scope of prefrontal NBS effects, particularly those 
moderating factors that are relevant to stress and emotion.

CONCLUSION
This review and quantitative analysis presents an overview of the direct effects of single-
session prefrontal NBS on emotional stress reactivity as investigated with various NBS 
methods. These studies together do not provide evidence for a one-directional effect of 
prefrontal NBS on emotional stress reactivity in healthy individuals. However, the magnitude 
and direction of NBS effects on emotional reactivity may depend on various technical, 
experimental, neurobiological and mental state factors, which prevents drawing definite 
conclusions about the overall direct effects of prefrontal NBS on stress-related emotions. 
Effects of specific NBS methods demonstrate a small beneficial effect on emotional stress 
reactivity of anodal tDCS. These preliminary findings imply that prefrontal NBS can potentially 
be used to facilitate resilience against the detrimental impact of stress on cognitive functioning 
and mental health, but only if this technique is further investigated and developed.
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APPENDIX: SEARCH TERMS

MEDLINE:
("noninvasive brain stimulation"[tw] OR "transcranial brain stimulation"[tw] OR "noninvasive 
cortical stimulation"[tw] OR "transcranial direct current stimulation"[tw] OR "repetitive 
transcranial magnetic stimulation"[tw] OR "theta burst stimulation"[tw] OR "transcranial 
electrical stimulation"[tw] OR "transcranial alternating current stimulation"[tw]) AND 
(stress[tw] OR stressor[tw] OR threat[tw] OR fear[tw] OR anxiety[tw] OR anxious[tw] OR 
emotion[tw] OR emotional[tw] OR aggression[tw] OR aggressive[tw]) AND (prefrontal[tw] OR 
frontal[tw] OR PFC[tw] OR *PFC) NOT "child"[MeSH Terms] NOT "infant"[MeSH Terms] AND 
("Humans"[Mesh] OR human[tw] OR individuals[tw] OR participants[tw] OR subjects[tw] 
OR men[tw] OR women[tw]) NOT systematic[sb] NOT review[ptyp] NOT Case Reports[ptyp] 
AND English[lang] NOT "subthalamic nucleus"[tw] NOT "Deep Brain Stimulation"[Majr] NOT 
"oxidative stress"[tw]

WEB OF SCIENCE:
TS=("noninvasive brain stimulation" OR "transcranial brain stimulation" OR "noninvasive 
cortical stimulation" OR "transcranial direct current stimulation" OR "repetitive transcranial 
magnetic stimulation" OR "theta burst stimulation" OR "transcranial electrical stimulation") 
AND TS=(stress OR stressor OR threat OR fear OR anxiety OR anxious OR emotion OR 
emotional OR aggression OR aggressive) AND TS=(prefrontal OR frontal OR PFC OR *PFC) 
AND TS=(Humans OR human OR individuals OR participants OR subjects OR males OR men 
OR females OR women) NOT TS=(deep brain stimulation OR oxidative stress OR subthalamic 
nucleus OR review OR meta-analysis OR case report OR case series OR animal OR rat OR mouse 
OR child OR cranial)

SCOPUS:
( TITLE-ABS-KEY ( "noninvasive brain stimulation" OR "transcranial brain stimulation" OR 
"noninvasive cortical stimulation" OR "transcranial direct current stimulation" OR "repetitive 
transcranial magnetic stimulation" OR "theta burst stimulation" OR "transcranial electrical 
stimulation" ) ) AND ( TITLE-ABS-KEY ( humans OR individual OR participants OR subjects OR 
males OR men OR females OR women ) ) AND ( TITLE-ABS-KEY (stress OR stressor OR threat 
OR fear OR anxiety OR anxious OR emotion OR emotional OR aggression OR aggressive) ) AND 
( TITLE-ABS-KEY ( prefrontal OR frontal OR pfc OR *pfc AND NOT "deep brain stimulation" OR 
"oxidative stress" OR "subthalamic nucleus" OR review OR meta-analysis OR "case report" OR 
"case series" OR animal OR rat OR mouse OR child OR cranial ) ) AND ( LANGUAGE ( english ) )

2
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ABSTRACT
Background: Posttraumatic stress disorder (PTSD), anxiety and impulsive aggression are 
linked to transdiagnostic neurocognitive deficits. This includes impaired inhibitory control 
over inappropriate responses. Prior studies showed that inhibitory control can be improved 
by modulating the right inferior frontal gyrus (IFG) with transcranial direct current stimulation 
(tDCS) in combination with inhibitory control training. However, its clinical potential remains 
unclear. We therefore aimed to replicate a tDCS-enhanced inhibitory control training in a 
clinical sample and test whether this reduces stress-related mental health symptoms.

Methods: In a preregistered double-blind randomized controlled trial, 100 active-duty military 
personnel and post-active veterans with PTSD, anxiety or impulsive aggression symptoms 
underwent a 5-session intervention where a stop-signal response inhibition training was 
combined with anodal tDCS over the right IFG for 20 minutes at 1.25 mA. Inhibitory control 
was evaluated with the emotional go/no-go task and implicit association test. Stress-related 
symptoms were assessed by self-report at baseline, post-intervention and after 3-months 
and 1-year follow-ups.

Results: Active relative to sham tDCS neither influenced performance during inhibitory 
control training nor on assessment tasks, and did also not significantly influence self-reported 
symptoms of PTSD, anxiety, impulsive aggression or depression at post-assessment or follow-
up.

Conclusions: Our results do not support the idea that anodal tDCS over the right IFG at 1.25 
mA enhances response inhibition training in a clinical sample, or that this tDCS-training 
combination can reduce stress-related symptoms. Applying different tDCS parameters or 
combining tDCS with more challenging tasks might provide better conditions to modulate 
cognitive functioning and stress-related symptoms.
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INTRODUCTION
Posttraumatic stress disorder (PTSD) and anxiety are mental health disorders that are difficult 
to treat, particularly among military patients1,2. New treatment targets may be provided by 
findings ways to restore deficits in neurocognitive processes. Across patients with PTSD, 
anxiety, and impulsive aggression, dysregulated neurocognitive processes center around 
hyperresponsive limbic regions including the amygdala and (dorsal) anterior cingulate 
cortex (ACC)3–5 and hyporesponsive regions in the lateral and medial prefrontal cortex (PFC), 
accompanied by impairments in cognitive functions like working memory, cognitive flexibility 
and inhibitory control6.

Of these cognitive functions, inhibitory control particularly may play a vital role. Inhibitory 
control comprises the ability to withhold automatic or context-inappropriate responses in 
order to maintain goal-directed behavior. PTSD patients display impairments specifically 
on inhibitory control tasks7 and hypoactivation in the brain’s hub of inhibitory control: the 
right inferior frontal gyrus (IFG)3,8. It is proposed that failing inhibition of inappropriate stress 
responses, memories and motor reactions to fear-evoking stimuli contributes to symptoms 
of hyperarousal and irritability, and in turn, avoidance of fear- or trauma-related triggers and 
defensive aggression9,10. Moreover, impairments in the prefrontal inhibitory control circuit 
may impede therapy response11. An appealing question is therefore whether the dysregulated 
inhibitory control circuit poses a potential therapeutic target.

To restore dysregulated brain circuits, transcranial direct current stimulation (tDCS) may play a 
role by promoting neural plasticity12. While tDCS alone may not effectively modulate emotional 
distress13, deficient cognitive processes underlying stress-related disorders – such as inhibitory 
control – could comprise convenient tDCS targets in this context. For example, single-session 
tDCS over the right IFG has shown to increase inhibitory control task performance14,15. Also 
with other techniques used to modulate right IFG functioning (e.g., transcranial magnetic 
stimulation, fMRI neurofeedback) inhibitory control can be enhanced16,17. Interestingly, 
multiple-session tDCS combined with response inhibition training has demonstrated 
cumulative effects on inhibitory control in healthy volunteers18. Increasing evidence now 
suggests that combining multiple tDCS sessions with cognitive training may produce stronger, 
more consistent and longer-lasting effects on and beyond the trained function19. Combining 
multiple-session tDCS with inhibitory control training may thus provide opportunities to 
target impairments in the prefrontal inhibitory control function. The next step in exploring the 
potential of tDCS-enhanced inhibitory control training in treating stress-related disorders is to 
replicate these effects in a clinical sample and test whether this beneficially affects clinically 
relevant outcomes.

In this randomized controlled trial (RCT), we applied a 5-session inhibitory control training 
with anodal tDCS over the right IFG in military veterans and active-duty personnel with PTSD, 
anxiety or impulsive aggression. As a primary outcome, we tested whether tDCS enhanced 

3
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inhibitory control during training. As secondary outcomes, we tested tDCS-related changes 
in inhibitory control performance and stress-related symptoms over the intervention period.

METHODS
This double-blind RCT was preregistered at the Netherlands Trial Register (www.trialregister.
nl, ID: NL5709).

PARTICIPANTS
Military veterans and active-duty personnel of the Dutch Ministry of Defence were recruited 
between May 2016 and October 2019 through advertisements in mental healthcare outpatient 
clinics. The following inclusion criteria were applied: 18-60 years of age, fulfilling diagnostic 
criteria and receiving treatment for PTSD, an anxiety disorder or impulsive aggression 
problems. Exclusion criteria: primary diagnosis for major depressive disorder (comorbid 
depression was not a reason for exclusion), substance addiction, severe neurological or 
psychotic disorder, serious head trauma or surgery, large metal or ferromagnetic parts in the 
head, implanted pacemaker or neurostimulator, pregnancy, skin damage on the scalp, and 
neurostimulation in the past month. Psychoactive medication use was assessed. Patients 
were asked to keep stable doses during the tDCS intervention, starting two weeks in advance. 
The a priori computed sample size was 96 (48 per group; computed in G*Power 3.120 with α 
= 0.05, β = 90%, and Cohen’s f = 0.34 based on results from Ditye and coworkers18 lowered 
by 10%). The medical ethical committee of the University Medical Center Utrecht approved 
the study. All participants provided written informed consent. The authors assert that all 
procedures contributing to this work comply with the ethical standards of the relevant national 
and institutional committees on human experimentation and with the Helsinki Declaration 
of 1975, as revised in 2008.

PROCEDURE AND RANDOMIZATION
Figure 1B depicts the study procedure. First, a clinical diagnostic interview was done, 
including the SCID-I for DSM-IV-R Axis-I disorders21, DSM-5 intermittent explosive disorder 
criteria22, and M.I.N.I. ADHD criteria23. Patients were then allocated to active or sham tDCS (1:1) 
by the next available stimulator-activating code from a randomized list (Matlab ‘rand’ function; 
20 codes for active tDCS, 20 codes for sham), stratified by eye movement desensitization and 
reprocessing (EMDR) therapy vs. cognitive behavioral therapy (CBT) to avoid confounding 
with psychotherapy effects. Experimenters were blind for code-to-condition correspondence, 
and, although not formally tested, patients were not expected to know whether they received 
sham or active tDCS24. The interview and tDCS sessions were carried out in test rooms at the 
University Medical Center Utrecht. Pre- and post-assessments took place online through a 
weblink.
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Table 1. Demographical and clinical participant characteristics.

Active tDCS
(n = 47)
mean (SD) or 
count

Sham
(n = 49)
mean (SD) or 
count

Gender Male:
Female:

41
6

48
1

Age (years)1 40.5 (10.6) 44.4 (9.4)
Education level2 Low:

Moderate:
High:

4
30
13

1
30
18

Military status Active-duty:
Post-active veteran:

29
18

40
9

Number of deployments 2.6 (2.6) 3.3 (2.0)
Years since last deployment (years) 12.9 (11.3) 12.8 (10.0)
Treatment type during tDCS intervention3 EMDR:

CBT:
Other:

8
22
17

8
26
15

Use of psychoactive medication4 Yes:
No:

18
29

15
34

Childhood trauma
(based on CTQ-SF cut-off scores for moderate to 
extreme childhood trauma)

Yes:
No:

30
17

30
18
1 missing

ADHD diagnosis Yes:
No:

7
40

6
43

Attentional impulsivity (BIS-11) 20.4 (3.5) 20.6 (3.5)
Motor impulsivity (BIS-11) 21.9 (3.6) 22.7 (3.4)
Non-planning impulsivity (BIS-11) 28.7 (4.4) 27.4 (4.7)
Diagnosis5:
Impulsive aggression 23 22
Anxiety 16 24
PTSD 25 25

1Age was entered as a covariate in the statistical analyses. Excluding the Age covariate from the 
models did not significantly change the results.2Education level: Low = high school education 
only, Moderate = vocational degree, High = higher education degree.3EMDR = eye movement 
desensitization and reprocessing therapy, CBT = cognitive behavioral therapy.Other treatment 
included: aggression regulation training, mindfulness-based therapy, couples therapy, main-
tenance therapy by social workers, pharmacological treatment.4The majority of psychoactive 
drugs used in our sample comprised selective serotonin or serotonin-norepinephrine reuptake 
inhibitors (SSRI’s and SNRI’s), benzodiazepines, atypical antipsychotic drugs, norepineph-
rine-dopamine reuptake inhibitors (NDRI’s) and anticonvulsants. Analysis of the primary out-
come measure (SST training scores) showed similar results across medicated and unmedicated 
patients. Also, excluding Use of psychoactive medication (yes/no) as a covariate from the models 
did not significantly change the results of any other measure.5While most participants fulfilled 
criteria for either PTSD or anxiety or impulsive aggression, some participants fulfilled criteria 
for multiple stress-related diagnoses: PTSD and anxiety (n=10), PTSD and impulsive aggression 
(n=14), anxiety and impulsive aggression (n=6), or all three diagnoses (n=5).

3
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TDCS
Participants received 5 tDCS sessions, with 1-5 days between sessions depending on the 
participant’s availability. TDCS was applied for 20 minutes over two 5×7 cm electrodes by a 
neuroConn DC-stimulator Plus with settings based on Ditye’s study18: 1.25 mA (fade-in: 8 s), 
anode on the crossing point between 10/20 EEG positions T4-Fz and F8-Cz, cathode over the 
left orbital region (see Figure 1B). Sham tDCS was applied by a 16-second fade-in fade-out 
stimulation at the start and end of the stimulation period, interleaved by occasional 15 ms 
pulses of 0.11 mA. Emotional state was assessed before and after each session by the STAI-625, 
together with possible tDCS side effects scored from 1 (“absent”) to 4 (“severe”)26.

Figure 1. (A) CONSORT study flow diagram. FU-3m = 3-months follow-up assessment. FU-1yr = 1-year 
follow-up assessment. iReasons: delayed discovery of tDCS safety contraindication (n=1), time conflict 
with other treatment/work (n=1). iiReasons: panic symptoms at tDCS work-up session 1 (n=1), time con-
flict with other treatment (n=1). iiiReasons: time conflict with other treatment/work (n=2). ivReasons: 
psychoactive drug changes during intervention (n=1), >5 days between tDCS sessions (n=1), tDCS applied 
at <1.25 mA on request of participant (n=1); vReasons: inadequate performance of the stop-signal task 
(n=1); (B) Overview of study procedure.

INHIBITORY CONTROL TRAINING
TDCS was combined with a 30-minute training on the stop-signal task, see Figure 1B27. 
Participants were instructed to quickly press the left or right arrow button upon stimulus 
presentation (circle or square), but to withhold their response when a stop-signal was heard: 
an auditory “beep” (25% of trials, 0-400 ms stop-signal onset delay). To titrate successful 
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stop-signal response inhibition to ~50%, stop-signal delays increased or decreased with 50 ms 
after successful or unsuccessful stopping respectively. Six blocks of 100 trials were interleaved 
by 1-minute breaks. One extra block with 20 no-signal trials to prevent response slowing was 
excluded from data analysis. The stop-signal response time (SSRT), the time it takes to stop an 
already initiated response which reflects inhibitory control, was computed by the independent 
horse-race model27 and constituted our primary outcome measure. Response speed (RT on 
no-signal trials) was taken as a control measure.

SECONDARY OUTCOME MEASURES OF INHIBITORY CONTROL
Prolonged effects of training combined with active vs. sham tDCS on inhibitory control were 
tested by comparing performance at pre- vs. post-assessment on the emotional go/no-go task 
and the implicit association task (IAT).

The go/no-go task was used to measure inhibition of prepotent responses driven by a high 
frequency of go-stimuli. Participants were instructed to rapidly tap on the space bar when a 
go-stimulus appeared (80% of trials), and to withhold their response to a no-go-stimulus (20% 
of trials). On 50% of all trials, ‘go’- and ‘no-go’-stimuli (‘[]’ and ‘][’) were superimposed on male 
face images with a neutral or angry expression (Bochum Emotional Stimulus Set, BESST72), 
to assess threat-related distraction on inhibition performance29. Stimuli were presented for 
600 ms with a 250-350 ms inter-trial interval in 7 blocks of 40 trials. The median reaction time 
(RT) over go-trials was used to assess effects on response speed, and accuracy represented 
the ability to correctly execute or inhibit responses. The first (practice) block, the first 4 trials 
of each block, post-error trials, sequences of ≥ 5 consecutive no-response go-trials, and trials 
with an RT<170 ms were excluded from analysis (on average, 18.5% of trials were excluded).

The IAT was used to measure inhibition of prepotent responses driven by automatic 
associations. We used the standard IAT with flower and insect names as target words and 
pleasant and unpleasant words as attributes30. Participants were instructed to classify target 
and attribute words as quickly as possible by pressing the ‘F’ or ‘J’ button. Each category 
contained 15 practice trials and 60 test trials. Better inhibition of the automatic response 
attenuates the increase in response latency and error rate on incongruent trials (the IAT effect). 
The D600 IAT effect was computed by adding 600 ms to incorrect response RTs, and dividing 
the difference in congruent vs. incongruent trial RTs by the RT standard deviation. In addition, a 
Quad model31 was estimated based on trial-level classification errors using a multinomial tree 
processing model in R32, to quantify the “overcoming bias” (the likelihood that the automatic 
association is overcome), representing the unique contribution of inhibitory control on IAT 
performance.

At post-assessment, participants additionally performed a dot-probe task. Unlike the 
inhibitory control tasks, this task assesses attentional biases for threat. The main outcomes 
of this task are described in the Appendix.

3
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SYMPTOMS
Beside baseline symptom assessment by the diagnostic interview, symptom levels were 
assessed at pre-, post- and follow-up-assessments by self-report scales including the PTSD 
Checklist for DSM-5 (PCL-5)33, the trait version of the Positive and Negative Affect Schedule 
(PANAS)34, and the STAXI-235. TDCS effects on disorder-specific symptoms of PTSD, anxiety 
and impulsive aggression were tested only within subgroups of participants who fulfilled 
criteria for the corresponding diagnosis. Depressive symptoms and general mental wellbeing 
were assessed using the Beck Depression Inventory 2nd edition (BDI-II)36 and the Outcome 
Questionnaire 45 (OQ45)37. At baseline, childhood trauma and impulsivity traits were assessed 
by the Dutch version of the childhood trauma questionnaire short form (CTQ-SF)38 and the 
Barrett’s Impulsivity Scale (BIS-11)39.

STATISTICAL ANALYSIS
Continuous outcomes were analyzed in mixed design ANOVAs in R40 with the “rstatix” 
package41. Trial-level accuracy data were, as recommended42, analyzed in binary logistic 
mixed-effects models with the “lme4” package43 with a random intercept for participant, 
where p-values were obtained in likelihood ratio tests of the full model vs. a model without the 
effect. Stimulation group (active vs. sham tDCS) was treated as between-subjects factor, Time 
(tDCS sessions 1-5, or pre-assessment, post-assessment and follow-ups) as within-subjects 
factor, and their interaction would reflect whether the active tDCS intervention induced 
different time effects than the sham intervention. Age and Use of psychoactive medication 
(yes/no) were included as covariates. Where the assumption of sphericity was violated, 
Greenhouse-Geisser-corrected results are reported. Effects are reported as significant at p < 
.05. Effect sizes are reported as generalized eta-squared (η2

G).

Additionally, to provide possibly useful information for neurocognitive models about the 
relationship between inhibitory control and stress-related symptoms, we computed baseline 
correlations between the inhibitory control tasks and symptom scores at pre-assessment. 
Also, to explore if improved inhibitory control could drive symptom relief, we tested in a 
regression model if (i) SSRT improvement (ΔSSRT = SSRT session 5 – SSRT session 1) or (ii) 
the achieved SSRT level on session 5 predicted reductions in PTSD, anxiety or anger symptoms 
(Δsymptom score = post-score – pre-score). Here, Stimulation group was always entered as a 
first predictor to control for effects attributable to tDCS.

RESULTS
Figure 1A shows the study flow. As can be seen in Table 1, the active tDCS and sham groups 
matched on most factors. Yet, despite random group allocation, females and post-active 
veterans were overrepresented in the active tDCS group, while patients with an anxiety 
diagnosis were overrepresented in the sham group. Because prefrontal tDCS outcomes may 
depend on gender44, we repeated analyses without the female participants, which did not 
significantly change results.
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SAFETY
The intervention was well tolerated and no serious adverse events were reported. The only 
tDCS-related side effects were mild itching and burning sensations on the scalp (mean severity 
scores ±SD | itching – active tDCS: 1.7 ±0.7 vs. sham: 1.4 ±0.6; burning – active tDCS: 1.6 ±0.7 
vs. sham: 1.3 ±0.6; p’s < .001), and some tDCS participants noticed light skin redness that was 
absent in the sham group (active tDCS: 1.1 ±0.6 vs. sham: 1.0 ±0.1; p = .010). Emotional state 
fluctuations during tDCS sessions were negligible and did not significantly differ between 
stimulation groups (mean STAI-6 item absolute change score: 0.26 ±0.48; effects of Stimulation 
group and Stimulation group × STAI6- item on change scores: p’s > 0.18).

PRIMARY OUTCOME: INHIBITORY CONTROL TRAINING ON THE STOP-
SIGNAL TASK
Three participants showed very slow response times on session 1, preventing reliable SSRT 
computations. As this comprised <5% of the data, the a priori defined analyses were performed 
on the remaining sample (46 tDCS and 47 sham)45. A mean stop-signal response accuracy of 
51.5% ±7% confirmed successful stop-signal delay titration.

The active vs. sham tDCS groups did not significantly differ in overall SSRT scores or in SSRT 
improvement over sessions, as indicated by the non-significant effects of Stimulation group 
and the Stimulation group × Time interaction (respectively: p = .239, η2

G = .011; p = .582, 
η2

G = .002). Only the main effect of Time was significant (p < .001, η2
G = .019). SSRT changes 

between sessions were tested with post-hoc Bonferroni-corrected pairwise t-tests; the SSRT 
significantly decreased from session 1 to session 2 and all following sessions, from session 2 
to session 3 and all following sessions, and from session 3 to session 5 (p’s < .01), see Figure 
2. When Diagnosis was entered as an additional between-subjects factor to explore possible 
differences between patient subgroups, the tDCS related effects remained non-significant 
(Stimulation group: p = .255, η2

G = .011; Stimulation group × Time: p = .905, η2
G < .001; Stimulation 

group × Time × Diagnosis: p = .201, η2
G = .009). However, beside a main effect of Time (p < .001, η2

G 
= .018), a significant Time × Diagnosis interaction appeared (p = .005, η2

G = .020). Based on visual 
inspection of the SSRTs per subgroup, the interaction seemed to reflect a relatively strong 
SSRT decrease in the PTSD subgroup compared to the anxiety and aggression subgroups 
(see Figure S.2. in the Appendix). Next, despite the underpowered 2 × 5 mixed design for 
the diagnosis subgroups, the subgroups were analyzed separately. The main effect of Time 
remained significant among PTSD patients (p = .014, η2

G = .028), and was non-significant in 
the anxiety and aggression subgroups (respectively: p = .094, η2

G = .019; p = .083, η2
G = .036).

Concerning the no-signal RT, no significant effects of active vs. sham tDCS appeared either 
(Stimulation group main effect: p = .338, η2

G = .012; Stimulation group × Time interaction: p = 
.309, η2

G = .003), although participants did become faster over sessions (main effect of Time: 
p < .001, η2

G = .024). For further details on the no-signal RT, see Figure S.2.

In an additional analysis, we explored if tDCS effects on inhibitory control training would depend 
on baseline levels of inhibitory control, which was assessed by the go/no-go task. To that end, 
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we regressed the total SSRT improvement from session 1 to 5 on the predictors pre-assessment 
Go/no-go scores (RT and accuracy) and Stimulation group. Results showed no evidence for a 
dependence of tDCS effects on baseline inhibitory control performance (Stimulation group × 
Go/NoGo scores interaction effects: p’s > .418). Analysis details can be found in the Appendix.

SECONDARY OUTCOMES OF INHIBITORY CONTROL
Means and standard deviations per group are reported in Table 2, together with the outcomes 
of the Stimulation group × Time interaction effects of interest.

Go/no-go task. Go/no-go data from 80 participants were available for analysis (40 tDCS, 40 
sham; missings due to insufficient (<100) completed trials, n=5; post-assessment unavailable 
or completed >1 week after tDCS intervention, n=11). TDCS did not influence response speed or 
response inhibition accuracy: pre-to-post intervention changes in RT or no-go accuracy were 
not significantly different between active and sham tDCS groups (see Table 2). Response speed 
did not significantly change over time or differ between groups at all (main effect Time: p = .273, 
Stimulation group: p = .374). For accuracy, a significant Go/no-go × Time interaction (p = .005; β = 
0.41, std. error = 0.15) and a significant Stimulation group × Time interaction appeared (p = .008; 
β = -0.17, std. error = 0.06). Bonferroni-corrected pairwise t-tests showed that go-trial accuracy 
increased from pre- to post-assessment in both stimulation groups (go-trials – pre vs. post: p < 
.001). Such effects were not found for no-go accuracy (i.e., response inhibition accuracy – pre 
vs. post: p > .999). Moreover, the stimulation groups differed in overall performance accuracy 
at post-assessment, where the sham group made significantly less errors than the active tDCS 
group (pre-assessment – active tDCS vs. sham: p = 0.898; post-assessment – active tDCS vs. 
sham: p = .011), suggesting a lack of improvement in overall performance accuracy over time 
in the active tDCS group. Again, no group differences were found specifically in no-go accuracy 
(response inhibition). Furthermore, the face distractors significantly impaired task performance: 
Distractor condition showed a significant main effect on both RT and accuracy (p’s < .001). Follow-
up t-tests and χ2 tests showed that RTs were faster on trials with face distractors (distractor 
vs. no-distractor: p < .001, neutral vs. angry distractor: p = .690). This distractor-induced RT 
acceleration also yielded a Stimulation group × Distractor condition interaction (p = .047), showing 
it was more pronounced in the active vs. sham tDCS group (p = .034). Error rates increased from 
no-distractor- to neutral face distractor- to angry face distractor-trials (p’s < .045).

IAT. IAT data from 84 participants were available for analysis (43 tDCS, 41 sham; missings due 
to post-assessment unavailable or completed >1 week after tDCS intervention, n=12). Pre-
to-post intervention changes in the D600 IAT effect did not significantly differ between the 
active tDCS and sham group (see Table 2). The IAT effect significantly increased from pre- to 
post-assessment (p = .042, η2

G = .021), indicating a possible reduction in inhibitory control 
over biases due to automatic associations. The Quad model “overcoming bias” parameter 
did not appear significantly affected by Stimulation group, but the overall model fit was very 
low, suggesting the Quad model results were not reliable (model fit for post-assessment IAT 
data – tDCS group: G2(6) = 11.33, p = .079, AIC = 23.33; sham: group G2(6) = 13.00, p = .043, AIC 
= 25.00). The full analysis is reported in the Appendix.
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Table 2. Statistical outcomes.

tDCS Sham
Non-trained inhibitory control tasks (mean ±standard deviation)

Pre Post Pre Post
Go/no-go task – Go trial RT (in ms)
No-distr.:  415 ±38
Neutral:  392 ±37
Angry:  395 ±35

409 ±43
391 ±42
392 ±42

403 ±41
391 ±43
389 ±41

397 ±44
384 ±44
387 ±47

Stimulation group × Time p = .797 η2
G = < .001

Stimulation group × Time × Distractor p = .310 η2
G = < .001

Go/no-go task – total No-go trial error rate
No-distr.:  0.38
Neutral:  0.59
Angry: 0.64

0.37
0.78
0.81

0.42
0.66
0.55

0.35
0.57
0.53

Stimulation group × Time × Go/no-go p = .727 β (SE) = 0.17 (0.20)
Stimulation group × Time × Go/no-go × Distractor p = .791 β (SE) = -0.02 (0.24)
D600 IAT effect
0.67 ±.38 0.84 ±.27 0.74 ±.30 0.77 ±.38

Stimulation group × Time p = .140 η2
G = .011

Symptoms (mean item score ±standard deviation)
Pre Post FU3m FU1yr Pre Post FU3m FU1yr
PTSD symptoms (PCL-5)
2.45 ±.55 2.02 ±.72

n = 23
1.84 ±.83
n = 22

1.55 ±.87
n = 13

2.19 ±.63 2.07 ±.72
n = 23

1.60 ±.77
n = 21

1.46 ±.92
n = 18

Pre-post: Stimulation group × Time p = .023 η2
G = .010

incl. FU’s: Stimulation group × Time p = .572 η2
G = .004

Anxiety symptoms (PANAS Negative Affect)

2.70 ±.80 2.37 ±.88
n = 15

2.15 ±.82
n = 14

2.34 ±.49
n = 9

2.90 ±.68 2.56 ±.72
n = 22

2.36 ±.74
n = 19

2.56 ±.75
n = 16

Pre-post: Stimulation group × Time p = .843 < .001
incl. FU’s: Stimulation group × Time p = .953 .001

Aggression symptoms (STAXI-2 Trait Anger)
2.60 ±.61 2.37 ±.58

n = 22
2.13 ±.57
n = 20

1.99 ±.51
n = 10

2.28 ±.58 2.28 ±.64
n =20

2.08 ±.56
n = 17

1.98 ±.56
n = 12

Pre-post: Stimulation group × Time p = .243 η2
G = .005

incl. FU’s: Stimulation group × Time p = .980 η2
G < .001

Depressive symptoms (BDI-II)
1.93 ±.49 1.71 ±.51

n = 44
1.65 ±.56
n = 40

1.62 ±.48
n = 25

2.03 ±.47 1.83 ±.49
n = 46

1.69 ±.41
n = 41

1.74 ±.57
n = 33

Pre-post: Stimulation group × Time p = .885 η2
G = < .001

incl. FU’s: Stimulation group × Time p = .213 η2
G = .007
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Table 2. (Continued)

tDCS Sham

Pre Post FU3m FU1yr Pre Post FU3m FU1yr

General wellbeing (OQ45)a

SD: 1.70 ±.62
IR: 1.42 ±.57
SR: 1.63 ±.60
AA: 1.75 ±.70

1.49 ±.65
1.28 ±.59
1.49 ±.56
1.50 ±.72
n = 44

1.49 ±.68
1.29 ±.60
1.43 ±.56
1.58 ±.72
n = 41

1.27 ±.60
1.13 ±.57
1.37 ±.51
1.34 ±.68
n = 25

1.76 ±.52
1.57 ±.60
1.43 ±.56
1.77 ±.53

1.62 ±.51
1.43 ±.62
1.35 ±.53
1.62 ±.51
n = 45

1.49 ±.60
1.34 ±.65
1.27 ±.39
1.48 ±.59
n = 41

1.43 ±.68
1.37 ±.66
1.28 ±.46
1.41 ±.68
n = 31

Pre-post: Stimulation group × Subscale × Time p = .266 η2
G < .001

incl. FU’s: Stimulation group × Subscale × Time p = .374 η2
G = .001

FU3m = 3-months follow-up assessment. FU1yr = 1-year follow-up assessment.
a: SD = Symptom Distress, IR = Interpersonal Relations, SR = Social Role, AA = Anxious Arousal.

SYMPTOMS
The analysis of PTSD symptoms was only carried out within the subgroup of PTSD patients, 
the analysis on anxiety symptoms only within the subgroup of anxiety patients, and likewise 
for the impulsive aggression patients. Data were available for analysis per diagnosis subgroup 
as indicated in Table 2 (missings due to unavailable post-assessment or completed >1 week 
after tDCS intervention: PTSD: n=5; anxiety: n=2; aggression: n=3). Beside an overall significant 
reduction in symptom levels over time (main effect of Time: p’s < .001, η2

G’s > .008), the active tDCS 
vs. sham groups did not significantly differ in symptom levels reductions, except for a slightly 
stronger reduction in PCL-5 scores in the active tDCS vs. sham group due to higher baseline 
PTSD symptoms levels in the active tDCS group (see Table 2 and Figure 2). When the 3-months 
and 1-year follow-ups were taken into account, these results did not substantively change, see 
Table 2. PANAS Positive Affect and STAXI-2 Anger Expression and Control scales did not show 
significant effects of tDCS vs. sham (statistical results are reported in the Appendix).

EXPLORATORY ANALYSES ON THE RELATION BETWEEN INHIBITORY 
CONTROL AND SYMPTOM SEVERITY
At baseline, higher symptom severity on all scales significantly correlated with worse stop-
signal task inhibitory control performance, see Table 3. Baseline no-go-accuracy significantly 
correlated with PCL-5 and BDI-II scores. No other baseline inhibitory control measure correlated 
significantly with symptom levels.

The overall improvement in SSRT or the achieved level of SSRT on session 5 did not significantly 
predict symptom reductions (all p’s > .28, full statistical outcomes are reported in the 
Appendix). These results suggest no link between short-term inhibitory control improvements 
and symptom relief.
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Figure 2. Mean SSRT (A) and mean item scores on symptom scales (B) ± SD per stimulation group. 
n.s. = non-significant. Please note that symptom scales were analyzed per subgroup of patients with 
the corresponding diagnosis, and that drop-out at follow-up reduced the sample sizes for FU-3m and 
FU-1yr assessments, see also Table 2. Exploratory analyses on the relation between inhibitory control 
and symptom severity

Table 3. Correlation matrix with baseline measures of symptom severity and inhibitory control.

1 2 3 4 5 6 7
1. PCL-5
2. PANAS Negative affect .72**
3. STAXI-2 Trait Anger .31* .33*
4. BDI-II .74** .69** .22*
5. SSRT (reversed) -.50** -.33* -.25* -.36**
6. Go/no-go: RT -.04 .08 -.04 -.01 .04
7. Go/no-go: no-go accuracy -.27* -.18 -.01 -.31* .43** .15
8. IAT effect (reversed) .15 .16 .01 .20 -.01 .16 .06

Higher symptom scores reflect higher symptom severity, lower (reversed) inhibitory control scores 
reflect worse inhibitory control performance. Note that the SSRT used for the baseline correlations was 
measured during the first tDCS session.
* p < .05, ** p < .001.
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DISCUSSION
Inhibitory control is thought to play a role in symptoms of PTSD, anxiety and impulsive 
aggression. Here, the effects of a tDCS-combined inhibitory control training on pre-post 
measures of inhibitory control and symptoms were for the first time investigated in a 
preregistered RCT with a large clinical sample of military patients with these stress-related 
disorders. Contrary to previous findings18, we failed to find an effect of anodal tDCS over the 
right IFG vs. sham on performance during the stop-signal task inhibitory control training. No 
support was found either for tDCS effects on post-intervention non-trained inhibitory control 
nor on symptom levels of PTSD, anxiety or impulsive aggression. Hence, despite positive 
effects of tDCS on inhibitory control in healthy individuals14 and on symptoms of PTSD and 
anxiety in patients46–48, we found no evidence to support that right IFG tDCS combined with 
inhibitory control training with our experimental set-up can effectively improve inhibitory 
control or stress-related symptoms in these patients. These results raise questions on why the 
tDCS effects on inhibitory control did not replicate in our clinical sample, and, subsequently, 
what may be more effective ways to modulate clinically relevant cognitive processes and 
stress-related symptoms with noninvasive brain stimulation.

EFFECTS OF TDCS-COMBINED TRAINING ON INHIBITORY CONTROL
A substantial body of single-session tDCS research14,15 and a multiple-session tDCS-training 
intervention study18 in healthy participants showed successful improvements in inhibitory 
control performance with tDCS settings not so different from ours (current intensity: 1-1.5 
mA; anode over the right IFG; cathode on left orbital area or left cheek; duration: 10-30 min.). 
Compared to the study of Ditye and coworkers18, we extended the training and stimulation 
duration per session. Yet, the effects of tDCS were not replicated. Perhaps by using a current 
density on the low end (0.036 mA/cm2) of the range used for successful tDCS-enhanced stop-
signal task performance in other studies (0.028 – 0.125 mA/cm2)14, the induced electrical field 
was too weak to modulate right IFG activity to an extent that would produce measurable 
behavioral changes (see e.g.49). On the other hand, higher current densities do not necessarily 
follow a linear increase of tDCS effectivity12.

Secondly, although we used a montage as applied by other studies stimulating the IFG, there 
is uncertainty about the anode placement relative to the IFG. Simulations of the electrical 
field on one example brain showed a peak intensity located slightly above the IFG (see in the 
appendix: Figure S.1.). Although inconclusive, the target region may have received suboptimal 
stimulation. To more effectively target inhibitory control, the anode could be placed somewhat 
lower to better focus the electrical field on the right IFG, e.g., on 10/20 EEG positions F8 or 
F1015,50, or higher, e.g., on position F4 to focus the field on the DLPFC51,52. However, tDCS with 
the anode placed on the F8-Cz Fz-T4 crossing, as in our study, has also shown successful 
response inhibition enhancement14,15. Technical tDCS parameter settings therefore do not 
seem to fully explain our null results.
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Alternatively, we possibly over-trained a relatively simple inhibitory control task. As the 
primary physiological effects of tDCS act upon ongoing neuronal and synaptic activity53–55, 
tDCS appears suitable to enhance processes that depend on synaptic plasticity, like learning 
and memory processes. Correspondingly, in Ditye’s study18, tDCS seemed to act as a necessary 
condition for an inhibitory control learning effect to occur. However, our extended training 
sessions produced clear learning curves in both stimulation groups, and we found no 
support for baseline inhibitory control performance to predict tDCS effectivity. Together with 
indications that tDCS-enhancement can supersede after experience-dependent learning (see 
e.g.56), this suggests that tDCS might have had little opportunity to further enhance training 
processes in our study. Moreover, patients with stress-related disorders may specifically 
show impulsivity in the emotional domain57, and tDCS effects on cognitive and emotional 
outcomes seem to depend on active emotion regulation, cognitive effort and neural activity 
in the targeted area13,58,59. Our response inhibition training may have failed to adequately 
incorporate these factors due to its non-emotional nature and low cognitive load. Also 
non-trained inhibitory control tasks (go/no-go task and IAT) showed no evidence for tDCS 
effects, in line with expectations that effects do not transfer in the absence of tDCS effects on 
trained tasks19. Altogether, conditions for tDCS efficacy in these patients may crucially include 
emotionally challenging tasks during stimulation.

EFFECTS OF TDCS-COMBINED TRAINING ON SYMPTOMS
In light of the null-effects on inhibitory control, the tDCS intervention would not affect 
symptom levels of PTSD, anxiety and aggression via such mediating cognitive processes. On 
the other hand, tDCS effects on symptoms without concurrent cognitive improvement have 
previously been shown in depression60 and PTSD patients47, suggesting that prefrontal tDCS 
may also affect symptoms via other mechanisms. However, on stress-related as well as mood 
symptoms and general mental wellbeing, no evidence for tDCS effects was found. Possibly, 
such non-specific tDCS effects require more sessions and a shorter between-session-interval 
(max. 1 day)61. Patients in both stimulation groups did show significant symptom reduction 
over the course of the intervention, presumably as a result primarily of ongoing therapeutic 
processes of regular treatment.

FUTURE DIRECTIONS
To find more effective ways to target stress-related symptoms with tDCS, the next steps 
should be to identify what are the relevant brain processes that facilitate recovery, and to 
determine under what conditions tDCS effectively modulates those brain processes. Brain 
state may constitute one of the most important but also unresolved factors of influence on 
tDCS effectivity. Whereas we intended to attune brain states during the intervention across 
participants by applying a concurrent cognitive task, the combination with neuroimaging 
methods can help to better study brain state in parallel to the neural, behavioral and clinical 
effects of tDCS (see e.g.59). Regarding inhibitory control as a cognitive target, exploratory 
analyses confirmed the association with stress-related symptoms, but not with symptom 
relief. An alternative target may be tDCS over the DLPFC62 to modulate working memory deficits 
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in stress-related disorders (see e.g.63) which can contribute to symptom relief64. Successful 
attempts to enhance effects of cognitive behavioral or exposure psychotherapy with prefrontal 
stimulation48,59,65 also suggest that tDCS interventions might be further developed in existing 
clinical applications. More placebo-controlled clinical trials are encouraged to examine 
whether this is a viable option.

LIMITATIONS
Limitations in our study may restrict the generalization of our results. First, pre- and post-
intervention measures were assessed online. As a trade-off for a lower travel burden for 
patients66, this could have reduced the measurement sensitivity to detect (possibly weak) 
tDCS effects. On the other hand, cognitive assessment through online experiments appears 
reliable67. Also, we carried out this study in an (ex-)military, predominantly male sample. 
Excluding data from female participants did not essentially change the results, and our 
sample represented a broad and heterogeneous group, but military personnel in general may 
represent a relatively homogenous population due to rigid selection and training procedures. 
Our outcomes may therefore not directly translate to other populations.

CONCLUSION
The current RCT in military patients with stress-related symptoms provides no evidence for 
short-term or long-term benefits of 5 sessions of 20-minute tDCS targeting the right IFG at 
an intensity of 1.25 mA combined with response inhibition training, on inhibitory control or 
PTSD, anxiety and impulsive aggression symptoms. For these patients, tDCS may be more 
effective in higher doses (e.g., higher current density, more sessions) or when combined with 
emotionally challenging tasks or psychotherapy. Gaining insight in determinants of tDCS 
efficacy and convenient brain targets for neuromodulation in stress-related disorders will 
allow the tailoring of future tDCS interventions.
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APPENDIX

Figure S.1. A simulated induced electrical field image with the applied tDCS montage, created with 
SimNIBS 2.11.
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Figure S.2. Mean SSRT (above) and no-signal RT (below) ± SD per Stimulation group for each diagnosis 
subgroup. No-signal RT analysis results: When Diagnosis was entered into the model, the main and in-
teraction effects of Stimulation group did not significantly change (p’s > .180, η2

G’s < .018). In line with 
the SSRT outcomes, a significant Time × Diagnosis interaction appeared (p = .033, η2

G = .007). In separate 
analyses of each diagnosis subgroup, PTSD and anxiety patients showed a significant main effect of Time 
(p’s < .001, η2

G’s > .030), corresponding to decreasing RTs over sessions. No Time effect was observed in 
the impulsive aggression subgroup (p = .429, η2

G = .004).
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INFLUENCE OF BASELINE INHIBITORY CONTROL ON TDCS EFFECTS IN SST 
TRAINING
The SSRT change score (ΔSSRT = SSRT at session 5 – SSRT at session 1) was regressed on 
pre-assessment Go/no-go scores (RT and accuracy, separately) together with the predictor 
Stimulation group, and their interaction. The results are presented in Table S.1. Go-RT and 
No-go accuracy did not interact significantly with Stimulation group in predicting SSRT 
change, suggesting that baseline go/no-go performance did not influence tDCS effects on 
SSRT enhancement. No-go accuracy did have a main effect on SSRT change. Correlation 
analysis showed that lower no-go accuracy at baseline was associated with stronger SSRT 
improvements during training (r = .24, p = .036), implying that worse inhibitory control 
performance at baseline may leave more room for performance improvement during inhibitory 
control training.

Table S.1. Regression outcomes of models testing the predictive value of baseline go/no-go performance.

Predictor F (df) p-value

Formula: ΔSSRT ~ Stimulation group + Go-RT at pre-assessment

Stimulation group 0.25 (1) .619

Go-RT 0.03 (1) .854

Stimulation group × Go-RT 0.66 (1) .418

Formula: ΔSSRT ~ Stimulation group + No-go accuracy at pre-assessment

Stimulation group 0.26 (1) .610

No-go accuracy 4.69 (1) .033

Stimulation group × No-go accuracy 0.01 (1) .933

IAT – QUAD MODEL DETAILS AND OUTCOMES
The Quad model2 includes the following components that drive response behavior in the IAT: 
association activation (AC: “the likelihood that automatic bias is activated by a stimulus”), 
discriminability (D: “the likelihood that a correct response can be determined”), overcoming 
bias (OB: “the likelihood that automatic bias is overcome”), and guessing (G: “the likelihood 
that, in the absence of other information, a guessing bias drives responses). The D and G 
parameters were defined for target words and attribute words separately (i.e., for target 
words: Dtarget and Gtarget, and for attribute words: Dattribute and Gattribute). A single parameter was 
defined for AC and OB, as bidirectional associations were assumed3. The model was fitted 
on the number of correct and incorrect responses per trial category and task phase from all 
participants, separately for the pre- and post-assessment and for the active tDCS and sham 
groups.

To test group differences in the overcoming bias (OB) parameter at post-assessment, we tested 
the free model (for parameter estimations, see Table S.2.) against a model where OB was 
constrained to OBtDCS = OBsham in a loglikelihood ratio test. The model fit improved very little 
(ΔAIC = -1.09), indicating that the OB parameter did not differ significantly between groups 

3
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post-intervention. To test changes in OB over time in both groups, we tested the free model 
against a model where OB was constrained to OBPre = OBPost. This slightly reduced model fit 
in both stimulation groups as reflected by small increases in Akaike’s Information Criterion 
(ΔAIC) (tDCS group: ΔAIC = +3.83, sham group: ΔAIC = +0.54), indicating that OB changed from 
pre-to-post intervention. OB decreased over time, representing reduced implicit inhibitory 
control, see Table S.2.

Table S.2. Quad model parameters for latent variables underlying IAT performance.

tDCS Sham

Pre-assessment Post-assessment Pre-assessment Post-assessment

Parameter Estimate CI -95% Estimate CI -95% Estimate CI -95% Estimate CI -95%

AC .41 [.17, .64] .11 [-.12, .33] .14 [-.16, .45] .13 [-.10, .37]

Dtarget .94 [.92, .95] .91 [.89, .93] .95 [.94, .97] .91 [.89, .93]

Dattribute .96 [.95, .98] .93 [.91, .94] .95 [.93, .97] .94 [.92, .96]

Gtarget .52 [.42, .63] .50 [.42, .57] .54 [.42, .65] .47 [.39, .55]

Gattribute .61 [.47, .75] .64 [.56, .73] .44 [.32, .55] .50 [.40, .61]

OB 1.00 [.96, 1.04] .69 [-.17, 1.52] .84 [.39, 1.28] .58 [-.30, 1.45]

DOT-PROBE TASK
The dot-probe task measures attentional biases for threat. In this task, a pair of face cues (one 
angry face and one neutral face) were presented on a computer screen, divided over the upper 
and lower half of the screen. After a variable cue-stimulus interval (CSI; 200, 400, 600, 900 or 
1200 ms), the face cues were replaced by a probe stimulus (‘>>>’ or ‘<<<’) and a distractor 
stimulus (‘\/\/’ or ‘/\/\’). Participants were instructed to identify the direction of the probe 
stimulus (left or right) as fast as possible by pressing the correct button on the keyboard: ‘F’ 
or ‘J’. The probe stimulus randomly appeared in the angry face cue location or in the neutral 
face cue location. An attentional bias toward the threat (here: angry face) location is induced 
by the fast attention capture of threat cues, especially at short CSIs4. A threat avoidance bias 
is also found in PTSD and anxiety patients, especially at longer CSIs. The attentional bias is 
computed as the RT difference between stimuli in the threat vs. neutral location (RT threat – 
RT neutral). The dot-probe task was only assessed post-intervention.

Results. Data were not available for 8 participants who did not complete the dot-probe task, 
leaving a sample of 88 for attention bias analysis (42 active tDCS, 46 sham). The attentional 
bias scores across CSI durations showed a very low split-half reliability of r = -0.10. This is not 
surprising in light of recent insights: dot-probe performance does often not reliably measure 
attentional bias5, although this task has also shown reliable results (see e.g.6). Considering 
that the tDCS intervention could have modulated aspects of dot-probe task performance, we 
carried out the preregistered analysis in spite of the low reliability.
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Overall, both active tDCS and sham groups showed very small attentional bias scores that 
did not significantly differ from zero (attentional bias score in ms – active tDCS: M = 5.3 ±27.7; 
sham: -1.4 ±25.1). Regardless of controlling for Age and Medication use, the attentional bias 
scores were not significantly influenced by Stimulation group or CSI duration (all p’s > .38), 
see Table S.3.

Table S.3. Attentional bias scores (mean ±standard deviation) and analysis results

CSI Attentional bias score Effect p η2
G

Active 
tDCS

200 ms -5.4 ±81.5 Stimulation group .629 .001

400 ms -17.1 ±68.4 CSI .386 .011

600 ms  17.2 ±87.6 Stimulation group × CSI .756 .005

900 ms -1.5 ±70.2

1200 ms -8.1 ±73.0

Sham

200 ms -0.3 ±84.8

400 ms -10.4 ±70.4

600 ms  11.9 ±72.2

900 ms  1.7 ±80.1

1200 ms  1.7 ±73.1

PANAS POSITIVE AFFECT AND STAXI-2 ANGER CONTROL SUBSCALES RESULTS
PANAS Positive Affect. There were no significant main effects of Stimulation group or Time (p’s 
> .19) on Positive Affect scores, and no significant Stimulation group × Time interaction effect 
(p = .244, η2

G = .006).

STAXI-2 Anger Expression and Control. For the STAXI-2 Anger Expression scales, only the 
interaction Time × Subscale was significant (p < .001, η2

G = .019). As expected, the Expression 
subscale scores decreased from pre- to post-assessment, indicating a reduction in anger 
expression (mean item scores – Anger Expression Out: Mpre ±SD = 2.5 ±0.5, Mpost = 2.3 ±0.5; 
Anger Expression In: Mpre = 2.4 ±0.5, Mpost = 2.4 ±0.5). Instead, the Control subscale scores 
increased, indicating more anger control (Anger Control Out: Mpre ±SD = 2.1 ±0.6, Mpost = 2.3 
±0.5; Anger Control In: Mpre = 2.2 ±0.6, Mpost = 2.5 ±0.5). Pairwise comparisons showed that the 
Express Anger Out subscale significantly decreased from pre- to post-assessment (p = .018), 
and from post-assessment to the 1-year follow-up (p = .006). The Express Anger In subscale 
did not significantly change between subsequent measurements (all p’s > .120). Scores on the 
Control Anger In and Control Anger Out subscales significantly increased from pre- to post-
assessment (respectively: p = .021, p = .043), but showed no further change to the follow-ups 
at 3 months and 1 year (p’s > .100). The interaction effects of interest, Stimulation group × Time 
(p = .533) and Stimulation group × Time × Subscale (p = .743) were not significant.
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EXPLORATORY ANALYSES – STATISTICAL OUTCOMES OF REGRESSION 
MODELS

Table S.4. Regression outcomes of models testing the predictive value of SSRT improvement.

Formula: Δsymptom score ~ Stimulation group + ΔSSRT

Predictor F (df) p-value

Outcome: Δsymptom score PCL-5

Stimulation group 1.43 (1) .235

ΔSSRT 0.30 (1) .583

Outcome: Δsymptom score PANAS Negative Affect

Stimulation group 0.01 (1) .936

ΔSSRT 0.05 (1) .818

Outcome: Δsymptom score STAXI-2 Trait Anger

Stimulation group 2.48 (1) .119

ΔSSRT 1.18 (1) .280

Table S.5. Regression outcomes of models testing the predictive value of achieved SSRT level on session 5.

Formula: Post-assessment symptom score ~ Stimulation group + pre-assessment symptom score + 
SSRT on session 5

Predictor F (df) p-value

Outcome: Post-assessment symptom score PCL-5

Pre-assessment symptom score PCL-5 225.10 (1) <.001

Stimulation group 2.27 (1) .135

SSRT on session 5 0.00 (1) .980

Outcome: Post-assessment symptom score PANAS Negative Affect

Pre-assessment symptom score PANAS Negative Affect 120.09 (1) <.001

Stimulation group 0.34 (1) .562

SSRT on session 5 0.17 (1) .680

Outcome: Post-assessment symptom score STAXI-2 Trait Anger

Pre-assessment symptom score STAXI-2 Trait Anger 175.02 <.001

Stimulation group 0.09 (1) .761

SSRT on session 5 0.510 (1) .477
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ABSTRACT
Background: Noninvasive brain stimulation techniques like transcranial direct current 
stimulation (tDCS) offer potential new approaches to treat stress-related mental health 
disorders. While the acceptability of tDCS as a treatment tool plays a crucial role in its 
development and implementation, little is known about tDCS acceptability for users in mental 
healthcare, especially in the context of stress-related disorders.

Methods: Using a mixed-methods approach, we investigated tDCS acceptability among 102 
active duty and post-active military patients with stress-related symptoms (posttraumatic 
stress disorder, anxiety and impulsive aggression) who participated in a 5-session tDCS 
intervention. Quantitative dropout and adverse effects data were collected for all patients 
involved in the sham-controlled tDCS intervention. We additionally explored perspectives on 
the acceptability of tDCS treatment via a theory-based semi-structured interview. A subgroup 
of patients as well as their caregivers were interviewed to include the views of both patients 
and mental healthcare professionals.

Results: Quantitative outcomes showed minimal tDCS-related adverse effects (mild itching 
or burning sensations on the scalp) and high tDCS treatment adherence (dropout rate: 4% for 
active tDCS, 0% for sham). The qualitative outcomes showed predominantly positive attitudes 
towards tDCS interventions for stress-related disorders, but only as complementary to 
psychotherapy. Remarkably, despite the perception that sufficient explanation was provided, 
patients and caregivers stressed that tDCS treatment comprehension was limited and should 
improve. Also, the travel associated with frequent on-site tDCS sessions may produce a 
significant barrier to care for patients with stress-related disorders and active-duty military 
personnel.

Conclusions: Acceptability numbers and perspectives from military patients and caregivers 
suggest that tDCS is an acceptable complementary tool in the treatment of stress-related 
disorders. Critically, however, if tDCS is to be used beyond scientific studies, adequately 
educating users on tDCS working mechanisms is vital to further improve its acceptability. 
Also, the perceived potential barrier to care due to frequent travel may favor home-based 
tDCS solutions.
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BACKGROUND
More than one third of patients with stress-related mental health disorders like posttraumatic 
stress disorder (PTSD) and anxiety do not benefit from current evidence-based treatments1,2, 
military patients in particular3–5. Noninvasive brain stimulation with transcranial magnetic 
(TMS) or direct current stimulation (tDCS) provides potential add-on treatments or may 
facilitate effects of pharmacological or psychological therapies6. Of these techniques, tDCS 
might be most suitable to apply in outpatient clinical and military contexts; it is a portable 
technique, has a better safety profile, and is easier in use7. Accordingly, interest for tDCS in 
the fields of PTSD and anxiety is growing (see e.g.8,9). However, while ongoing studies aim to 
quantify and optimize tDCS effectivity, the acceptability of tDCS has received remarkably 
little attention. Especially in the area of stress-related disorders, patients can be particularly 
skeptical towards alternative treatment approaches10,11 and may show lower treatment 
adherence as a result12. Also the views of mental healthcare professionals on tDCS treatment 
play an important role in its overall acceptability13. Hence, it is necessary to understand 
the acceptability of tDCS as a treatment tool from the perspective of this particular patient 
population and their caregivers.

TDCS is commonly administered by applying a weak current (~ 1.0 - 2.5 mA) for 10-40 minutes 
between two electrodes placed over the scalp, leading to modulation of neural excitability 
and plasticity in the underlying cortex14. Psychiatric tDCS interventions are often aimed at 
improving disrupted neurobiological processes involved in (working) memory and emotion 
regulation15,16 and usually comprise 5-30 tDCS sessions applied with an interval of one or 
several days17.

Other psychiatric populations show relatively high acceptability for tDCS interventions; 
investigations among patients with depression, substance use disorders or schizophrenia 
show that tDCS associated adverse events commonly occur only in a minority of tDCS 
participants (0-40%) and are restricted to relatively mild sensations including itching, tingling 
or headache18. Dropout rates are low (6-12%19,20) – especially when compared to dropout rates 
for standard stress-related disorder treatments (e.g., exposure-based psychotherapy: 18-
50%21–24). The main reasons for dropout are the adverse side effects and missing treatment 
sessions.

Beside such quantitative measures, a minor body of qualitative research into the acceptability 
of tDCS is available, conducted in the context of tDCS interventions for stroke rehabilitation 
and HIV-related depression25–28. Here, tDCS participants reported to be satisfied overall 
with undergoing a tDCS intervention. Yet, the patients also reported to feel some hesitancy 
towards future tDCS use because of the inflexible tDCS treatment schemes, and burning, 
itching or painful tDCS sensations (which in general bother patients more than healthy tDCS 
participants29). Importantly, these and other user experiences with novel treatment tools like 
tDCS can heavily impact its treatment success; the patients’ perspectives on the intervention’s 

4
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acceptability drive how much they will engage in and adhere to the intervention, and the 
caregivers’ perspectives partly determine if and how the intervention will be delivered13,30. 
Early recognition of barriers associated with novel healthcare interventions such as tDCS 
therefore allows early optimization and cost-effective implementation of the intervention31.

Because the acceptability of an intervention is formed through complex (social) interactions 
between patient, caregiver and technology, this concept is hard to study with quantitative 
research methods alone32. Instead, qualitative examination allows to comprehensively 
investigate views on the acceptability of a novel intervention. A validated theoretical 
ground for qualitative assessment of acceptability is offered by the Theoretical Framework 
of Acceptability (TFA) drafted by Sekhon and colleagues33. The TFA is based on extensive 
research among patients and caregivers30. Acceptability is described as: “the acceptability of 
an intervention is determined by the appropriateness of addressing the clinical problem, by how 
well an intervention is suited to an individual lifestyle and how convenient the intervention is 
able to treat a medical problem” (Sekhon et al. (2017)34, page 6). Figure 1 displays the seven key 
components that drive acceptability according to the TFA. Using the TFA in qualitative research 
can thus provide insights in the different aspects of acceptability and underlying reasons, 
and can be applied to assess the patient’s and the caregiver’s perspective in a similar way.

Figure 1. The Theoretical Framework of Acceptability (TFA)30. Reproduced under the Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

Here, we studied the acceptability of tDCS for military patients who underwent a tDCS 
intervention during a period of regular treatment for stress-related disorders like PTSD, 
anxiety or impulsive aggression. To provide both comparative quantitative measures as 
well as comprehensive insights into the acceptability of tDCS as a treatment tool, we used a 
mixed methods approach that draws from the strengths of both quantitative and qualitative 
methods35; next to quantifying acceptability in terms of dropout rates and adverse events, we 
conducted an exploratory study using semi-structured interviews based on the key drivers of 
the TFA33 in a subgroup of the participants. Unlike other tDCS acceptability studies, we also 
included caregivers in the qualitative study to simultaneously gain understanding of the health 
care professional’s perspectives on tDCS as a treatment tool.
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METHOD

PARTICIPANTS AND DATA ACQUISITION
This study was carried out in parallel to a randomized controlled trial (RCT) investigating the 
effects of prefrontal tDCS combined with cognitive training on PTSD, anxiety and impulsive 
aggression symptoms. RCT participants were military servicemen and veterans (22-60 years 
old) of the Dutch Ministry of Defence who received treatment for PTSD, an anxiety disorder 
or impulsive aggression. Patients with a predominant major depressive disorder diagnosis, 
a psychotic disorder diagnosis or a history of neurological complaints were excluded from 
participation. Patients participated in the tDCS intervention between May 2016 and October 
2019. The study adhered to CONSORT guidelines where applicable. More details on the RCT 
protocol were pre-registered at the Netherlands Trial Register (ID: NL5709).

Interview respondents and setting
For the qualitative interview study, RCT participants with recent tDCS experience were 
recruited. Participants were interviewed in the months after they underwent the tDCS 
intervention (mean time between the tDCS intervention and the interview: 5 months and 
4 weeks; range: 1-10 months). We only approached patients who received active tDCS (i.e., 
no participants from the sham (placebo) condition). Caregivers were recruited among 
psychologists and psychiatrists from the Dutch military mental healthcare organization 
who were informed about the tDCS intervention and had treated at least one patient 
who participated in the tDCS intervention. Interviews were carried out between April and 
August 2019 and took place at a time and place of the respondent’s preference, usually 
at the respondent’s home or workplace. Respondents were offered a 10-euro gift card for 
participation.

THE TDCS INTERVENTION
The tDCS intervention in the RCT comprised five tDCS sessions divided over two weeks, at the 
University Medical Center Utrecht, the Netherlands. Patients were allocated to the active tDCS 
or sham tDCS condition in a 1:1 ratio, based on a MATLAB-generated simple randomization 
sequence list with codes to activate the DC-stimulator for active or sham tDCS (blind to 
experimenters and patients). In each session, prefrontal tDCS was applied for 20 minutes 
(active) or 16 seconds (sham), at 1.25 mA, with two 5×7 cm electrodes (anode over the right 
inferior frontal gyrus (IFG), cathode over the left orbital area). During tDCS, patients performed 
a stop-signal task36 on a computer for 30 minutes. Performing the stop-signal task served 
to activate the tDCS target region (right IFG) and train the cognitive function of inhibitory 
control. The aim of this tDCS-cognitive training combination was to reduce symptom levels by 
improving underlying deficits in (the neural network of) inhibitory control over exaggerated 
or inappropriate behavioral responses (see e.g.,37,38). Importantly, although the application of 
tDCS was always combined with stop-signal task training, the measures assessed in this study 
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focused on the experiences with tDCS. The total duration of each tDCS session was max. one 
hour. All patients received the tDCS intervention in parallel to regular treatment.

DATA COLLECTION

Quantitative data collection
For all patients participating in the RCT, we collected data from three quantitative acceptability 
indicators: dropout rates, adverse effects and changes in emotional state.

(i) Dropout rate (as an indicator of treatment adherence)

Dropout was defined as not completing the tDCS intervention after starting the first tDCS 
session.

(ii) Adverse effects of tDCS (as an indicator of treatment burden)

After each tDCS session, patients filled in the tDCS adverse effects questionnaire18 on 
4-point Likert scales to which extent they had experienced twelve possible tDCS side 
effects (from 1: “absent” to 4: “severe”), and to which extent they attributed each 
experienced side effect to tDCS (from 1: “not at all” to 4: “completely”). Also, perceived 
current strength and tDCS comfort were rated on a 10 cm VAS line with the anchors 
0: “Very weak / uncomfortable” and 10: “Very strong / comfortable”. Adverse events 
occurring outside the research visits were systematically evaluated at each session by 
asking a description of the adverse event, the adverse event duration, and its severity (1: 
“mild”, 2: “moderate”, 3: “severe” or 4: “life-threatening”).

(iii) Changes in emotional state (as an indicator of treatment attitude)

Directly before and after each tDCS session, six emotional state items from the STAI-6 
questionnaire39 were rated by the patient from 1: “Not at all” to 4: “Very much”.

Qualitative data
Qualitative data were gathered through semi-structured interviews based on the seven key 
drivers of the TFA33. Interviews were held until data saturation was reached. All interviews 
were recorded with an Olympus VN-8100PM recorder and transcribed verbatim. Written field-
notes containing contextual information (e.g., events happening during the visit) served as 
additional data source. Interviews lasted on average 31 minutes.

We used the ‘framework method’40 to analyze the interview data. This systematic and flexible 
approach for analyzing qualitative data is an iterative process including the following steps: 
familiarizing with the data by carefully reading the transcripts, deductive coding of concepts 
in the transcripts according to pre-defined codes (here: based on the TFA key drivers), and 
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inductive coding of concepts in the transcripts by acknowledging emerging new concepts41. 
Two independent other researchers compared our drafted coding scheme to the transcripts. 
We adapted the coding scheme where needed. A final coding scheme or ‘analytical 
framework’40 was defined according to which all transcripts were coded (see Appendix). The 
coding process was carried out in the qualitative coding software NVivo. Table 1 illustrates 
an example of the coding process.

Table 1. Example of the coding process.

Meaningful quote from 
interview transcript

Pre-defined 
code

Sub-code Description

“… I’m not sure if this is going 
to help me deal with the 
problem.” [P4]

Ethicality Relationship 
between tDCS 
and symptoms

Comments on how the 
intervention method fits to 
the experienced symptoms.

“I’m not much of a talker, so 
this suits me.” [P1]

Comparison with 
other therapies

Comments on how well the 
intervention fits, compared 
to other treatments.

RESULTS

QUANTITATIVE RESULTS
As depicted in Figure 2, of the 102 included patients in the tDCS intervention in the RCT, 2 
patients in the active tDCS treatment condition dropped out (for reasons, see Table 2). None 
of the patients in the sham condition dropped out. Hence, treatment adherence was high in 
both groups.

TDCS side effects during the sessions were on average scored as “absent” or “mild”. Of the side 
effects that were most frequently experienced, the effects that were most strongly attributed 
to tDCS were: burning, itching and tingling sensations on the scalp (mean attribution score 
= 3.1). Patients who received active tDCS (vs. sham tDCS) also reported these side effects 
more frequently (see Table 2) and scored them as slightly more severe (see Figure 3). Other 
frequently reported side effects like difficulty concentrating, head ache and sleepiness were 
also attributed to tDCS, but to a lesser extent (mean attribution score = 2.2) and with a similar 
incidence across active tDCS and sham groups. All adverse events happening outside of the 
tDCS sessions that were possibly related to the intervention and reported by more than one 
participant are listed in Table 2. Adverse events had on average a mild to moderate severity. 
Head ache after the session was the most prevalent adverse event in both the active tDCS and 
sham groups (mean incidence: 42%). Patients also experienced fatigue (more frequently in the 
active tDCS group) and an emotionally or physically “tense” feeling (more frequently in the 
sham group) after the session. Short periods of dizziness (max. 30 minutes after the session) 
were also reported by a minority of patients (9% of all patients, reported more frequently in 
the sham group). Together these numbers indicate a relatively low burden of adverse events in 

4

Fenne_Binnenwerk_V4.indd   117Fenne_Binnenwerk_V4.indd   117 15-7-2022   10:40:2015-7-2022   10:40:20



118 CHAPTER 4

the tDCS intervention. Compared to the placebo treatment (sham tDCS) the additional adverse 
events associated with the real treatment (active tDCS) were very limited.

The average changes in self-reported emotional state (STAI-6) during the tDCS sessions were 
negligible, see Table 2. This may indicate a neutral attitude of the patients toward the tDCS 
treatment; the tDCS sessions did not depress or elevate their mood.

The raw data underlying these numbers is provided online.
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Figure 3. Mean item severity scores on the tDCS adverse side effects questionnaire (ribbon: ± standard 
deviation).
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INTERVIEW RESPONDENTS
After interviewing 7 patients (3 post-active veterans, 4 active-duty military personnel, age: 
26-58 years) and 5 caregivers (age: 27-57 years) data collection was discontinued; the last 
interviews yielded no new themes among patients or caregivers. For an overview of respondent 
characteristics, see Table 3.

Table 3. Demographic and clinical respondent characteristics

PATIENTS CAREGIVERS

Respondent 
number

Sex Diagnosis Current 
treatment

Respondent 
number

Sex Profession

P1 male PTSD Pharmacological 
treatment

CG1 female Psychologist

P2 male Aggression 
regulation 
problems

Pharmacological 
treatment, CBT

CG2 male Psychologist

P3 male Anxiety CBT CG3 female Psychologist

P4 male Anxiety, 
Depression

CBT CG4 male Psychologist

P5 male Anxiety, PTSD, 
Depression

Pharmacological 
treatment, CBT

CG5 male Psychiatrist

P6 male PTSD, 
Aggression 
regulation 
problems

EMDR

P7 male Aggression 
regulation 
problems

CBT

CBT = cognitive behavioral therapy; EMDR = eye-movement desensitization and re-processing therapy.

INTERVIEW RESULTS
The interview results are presented below per key driver of the TFA.

i) Affective Attitude

Most patients and caregivers felt generally positive about the tDCS intervention. To patients, 
it appealed that the tDCS intervention offered something extra in addition to their regular 
therapy; they were motivated to do as much as possible to recover from their symptoms.

[“My motivation was mainly: There is no pain in trying. If it is placebo, it does no harm, and 
if it is not the placebo then it might, well, give me positive effects.”] P5

4
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Some patients additionally expressed a specific interest in the technological or brain-focused 
working mechanisms of tDCS, or just wanted to help developing new treatment options. Most 
caregivers expressed a similar interest, especially towards the cognitive and neurobiological 
targets of the treatment. Moreover, caregivers recognized that, beside their interest, one of the 
main reasons for their patients to participate was their desperation to take on ‘any’ treatment 
available. As a patient stated:

[“I mean I was very much in need of help. I was a bit desperate, and I thought, you know, 
I do whatever it takes.”] P7

Some respondents expressed a negative attitude to specific aspects of the intervention. Two 
patients thought the treatment setting had a ‘low budget’ appearance, mainly due to the look 
of tDCS equipment (e.g., simple rubber band straps around the head), and to the relatively 
small, non-modern test room. On the other hand, two other patients specifically mentioned to 
be content with the treatment setting and the quiet test room. Also, some patients felt unsafe 
about the treatment before starting the tDCS intervention. A patient expressed this feeling as:

[“It’s the idea, you know…you’re getting shocks in your head. They are playing with your 
head.”] P3

Some caregivers pointed out that patients suffering from stress-related disorders are more 
prone to feelings of unsafety and suspicion, and pointed out that such feelings may pose a 
barrier to adhering to a tDCS treatment.

ii) Burden

Respondents initially deemed the overall burden of the tDCS intervention low. On a physical 
level, patients indicated that tDCS associated sensations were tolerated well. Only two 
patients mentioned a mild burden of headaches or burning and itching sensations after the 
sessions. On a psychological level, the tDCS sessions were experienced as relatively easy, 
although the cognitive task during the tDCS sessions was experienced as monotonous and 
long. Furthermore, the novel and unfamiliar nature of the intervention made a patient feel 
ill at ease:

[“When you sit down there, you feel more tense. Then you get the, uhm, current. And you do 
feel that, yes you do. (…) At a certain moment I felt at ease. But the first few times I didn’t. 
Then you feel a bit... See, it is all new.”] P1

On a practical level, both patients and caregivers pointed out that a 5-session tDCS intervention 
is a low burden, especially when compared to regular treatment schemes. However, for some 
patients traveling towards the hospital posed a high burden, as traveling caused them a lot 
of anxiety and stress. Also patients with a short travel time declared that a longer travel time 
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would cause a higher burden. Caregivers indeed pointed out that for patients with stress-
related disorders travel time should be as short as possible. One patient explained:

[“I got very aggressive in traffic. (…) And the train is even worse. There, people don’t do 
what you want. So, transport from A to B in a crowded space is quite a problem.”] P6

He later added:

[“But you can’t send it [the tDCS equipment] home as a package and say: Here you are, 
do this.”] P6

Furthermore, one patient suggested to offer tDCS participants some time to ‘recover’ after 
each tDCS session, to relieve the potential tension caused by the session and to feel more 
secure to travel home.

iii) Opportunity costs

The opportunity costs of the tDCS intervention were deemed low by all respondents. Because 
all patients were allowed time off from work for treatment, patients didn’t perceive that the 
time invested in participation posed opportunity costs at the moment, but most of them 
anticipated higher costs with heavier intervention schemes or full-time job obligations. In 
addition, some caregivers noted the potential difficulty in treatment adherence in this specific 
population due to military training and operations abroad.

iv) Ethicality

Patients particularly appreciated that the tDCS intervention did not trigger negative thoughts 
or fearful memories, in contrary to the exposure in psychotherapy. For some patients, the tDCS 
sessions even offered distraction from negative thoughts or anxious feelings. Some patients 
therefore ascribed a high ethicality value to the tDCS intervention, and would favor tDCS over 
psychotherapy if a tDCS treatment would be equally effective. As one patient noted:

[“You don’t have to put everything on the table, you don’t have to dig stuff up. It is fast 
and comfortable.”] P6

However, at the same time, both patients and caregivers expressed the expectation that tDCS 
would only ‘work’ in combination with psychotherapy. All respondents deemed it necessary 
for recovery to talk about their mental health problems and the underlying causes. One patient 
also mentioned he missed social therapeutic interaction during the intervention.

4
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A second theme that emerged from the caregivers’ perspective is the particular suitability of 
tDCS treatments for military personnel because of its ‘high-tech’ feel, which may lower the 
barrier to treatment:

[“The association with cyber, space, earplugs. I think that [the technology] is a benefit for 
this subpopulation.”] CG2

v) Perceived effectiveness

Most patients perceived no significant effect of tDCS on their symptoms. Because all patients 
received psychological or pharmacological treatment in parallel, patients who reported 
improvements in mental health after the tDCS intervention could not specifically attribute 
this to tDCS.

Caregivers acknowledged a potential of the technology as add-on to existing treatments for 
this patient group. However, caregivers in general did not expect tDCS effects to be ‘ground-
breaking’, especially not when stress-related symptoms are caused by more complex 
underlying issues, e.g., related to childhood trauma or personality.

Some patients did report short-term improvements in their ability to focus, cognitive ‘clarity’, 
or a generally calmer mood. These short-term effects disappeared directly after the tDCS 
session or in the days afterwards.

vi) Coherence

Most patients and caregivers felt they were adequately informed about the tDCS intervention:

[“It was all explained to me quite well. And you do a test beforehand [an impulse control 
task], and then you know what to expect. In practice, it’s more or less the same.”] P2

[“And [the researcher] took a lot of effort to explain it.”] CG1

In sharp contrast, however, all patients and most caregivers expressed a lack of sufficient 
understanding of the tDCS intervention. The same caregiver (CG1), for example, continued 
to say:

[“And then you think: I remember so little of it. I just find it a bit shocking how little I know 
about it.”] CG1
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A patient mentioned:

[“I don’t know how it works. The only thing I know is that they gave me a screen, and I had 
to push buttons.”] P3

(Pushing buttons refers to the cognitive task during the tDCS sessions.)The majority of 
respondents reported a general feeling of incomprehension towards the clinical mechanism 
of action; the relationship between the tDCS intervention and the disorder-specific symptoms 
was unclear to most respondents. As one patient put it:

[“Then [after the first tDCS session] I thought: Well, I’m not sure if this is going to help me 
deal with the problem.”] P4

A number of caregivers and patients pointed out that the neurobiological working mechanisms 
of tDCS were hard to grasp for them.

In response to this treatment incomprehension, a second theme emerged, comprising the 
importance of treatment coherence. According to the patients, better comprehension of how 
tDCS works and how tDCS can affect their symptoms is critical because it would (i) reduce 
feelings of stress resulting from not knowing what effects to expect, (ii) improve their personal 
contribution to facilitate the treatment’s effects, and (iii) increase motivation to adhere to 
the treatment. One caregiver elucidated why treatment coherence is especially important for 
patients with stress-related disorders:

[Very important. It can be a vehicle for participating in a state-of-the-art treatment. 
Because then, they can trust it. And only then they can ‘surrender’ to treatment.’] CG3

Another caregiver conceived it critical that caregivers should fully understand the treatment’s 
mechanism of action, also because the patient’s decision to participate in a novel healthcare 
intervention often depends on the opinion of the caregiver.

Two patients suggested to explain the working mechanisms of tDCS in a simpler manner and 
making use of ‘imagery’.

vii) Self-efficacy

Patients overall felt capable to adhere to all of the intervention components. Caregivers did 
also not foresee capability problems associated with the tDCS intervention.

Yet, although not directly related to tDCS, two patients reported the inability to maintain 
focus during the cognitive task, and two patients encountered difficulty in comprehending 
the written information and questionnaire items.

4
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DISCUSSION
The acceptability of novel treatments such as tDCS contributes significantly to its successful 
implementation in clinical practice. If tDCS is to play an important role in treating stress-
related disorders, its acceptability in this context is important to understand. This mixed 
methods study is the first to examine the acceptability of tDCS as a treatment tool for stress-
related mental health disorders from both the patient and caregiver perspective. We gathered 
quantitative measures of acceptability in an RCT with 102 military patients undergoing a 
5-session tDCS intervention, including the dropout rate, adverse side effects and emotional 
responses to the tDCS sessions. In an additional exploratory study, we carried out semi-
structured interviews based on the TFA33 to gather in-depth information on the full range of 
views and experiences with tDCS among a subgroup of the patients and a group of caregivers.

In summary, the quantitative outcomes showed relatively high acceptability of tDCS; 
treatment adherence was high and only mild adverse sensations on the scalp could be 
directly attributed to tDCS, conform recently updated tDCS adverse effects profiles42. This 
was supported by the qualitative outcomes, showing that the affective attitude towards the 
tDCS intervention was predominantly positive. Also, the burden and opportunity costs were 
deemed low and self-efficacy was high. Regarding ethicality, tDCS fitted well into the value 
system of the respondents, although the technique was mainly perceived as complementary 
to psychotherapy. Strikingly, however, the tDCS intervention coherence was very limited 
among patients as well as caregivers. Furthermore, the applied short tDCS intervention 
was not perceived as effective to treat the stress-related symptoms. A higher travel barrier 
was anticipated for more intensive treatment schemes. Below, we further discuss the major 
findings.

The most notable finding was the mismatch in perspectives on treatment coherence. Although 
patients and caregivers expressed their impression that sufficient explanation of the study 
and intervention had been provided, almost all respondents showed limited comprehension 
of the clinical mechanisms of action of tDCS. This may be related to unfamiliarity with the 
neurobiological processes targeted by tDCS. Patients and caregivers both emphasized the 
importance of understanding the working mechanisms of a tDCS intervention and its intended 
impact on clinically relevant outcomes. Respondents anticipated that better understanding 
could improve the affective attitude towards the technique, lower the barrier to participate and 
increase treatment adherence. Low treatment coherence also seemed to negatively impact the 
ethicality, as some patients expressed that they didn’t know how the tDCS intervention would 
‘help them’. A negative impact of low treatment coherence on other acceptability aspects 
is consistent with previous findings. For example, limited understanding of psychotherapy 
processes also induces skepticism towards the treatment among patients and caregivers43,44. 
User’s expectations may also directly influence tDCS effectiveness45. Appropriately educating 
users on tDCS thus appears vital for its acceptability and effectivity as a treatment tool. 
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This likely also applies to brain stimulation tools like TMS and other novel (neurobiological) 
treatment options.

Respondents found no significant burden or opportunity costs in a tDCS intervention. Contrary 
to previous findings25, our patients perceived only mild adverse side effects of tDCS and did 
not experience tDCS sensations as a burden or barrier. Interestingly, besides the itching or 
burning sensations on the scalp, most adverse effects could not directly be attributed to 
active tDCS, suggesting that such adverse effects (e.g., head ache) are linked to general RCT 
participation rather than to active tDCS itself. However, a potential burden was perceived 
in travelling towards the hospital for the tDCS sessions; travelling can be a severe trouble 
for patients with stress-related disorders, and specifically for this population also during 
military training or operational activities abroad. Veterans with PTSD in general seem to 
regard frequent visits as a disadvantage of treatment46. To lower the travel barrier, taking 
more advantage of the technique’s portability and further developing home-based tDCS is 
highly recommended. Despite some obstacles (e.g. adverse effects due to misuse47–49), the 
feasibility of home-based tDCS is already increasing50,51. Also, home-based tDCS may have 
additional potential to treatment in the post COVID-19 era.

Regarding the ethicality of the tDCS intervention, patients and caregivers were positive for 
different reasons. The caregivers expected that the intervention’s ‘technological feel’ could 
appeal to military patients and thereby lower treatment barriers. Indeed, incorporating 
technological methods that appeal to a population may be beneficial for psychiatric 
treatment52. Instead, the patients particularly appreciated the low emotional burden of the 
tDCS intervention, i.e., the possibility of treatment without exposure to trauma or feared 
situations. Correspondingly, less focus on verbal communication and lower perceived 
stress during treatment sessions are also particularly appreciated aspects in EMDR therapy 
for stress-related disorders44,46, while trauma exposure is experienced as a struggle in 
regular psychotherapy43,53. For military PTSD patients, exposure to trauma during therapy 
even poses a major barrier to psychotherapeutic treatment54. On the other hand, patients 
were also uncertain about how well the tDCS intervention could address their symptoms. 
Neither patients nor caregivers believed that a technique like tDCS can completely replace 
psychotherapy or ‘talking’. In fact, ‘talking’, personal contact and the role of the caregiver 
are regarded as the most important aspects of psychotherapy44 that positively contribute to 
willingness to participate in research (especially among traumatized patients55), treatment 
acceptability53,56, therapeutic effectivity, and self-efficacy in managing symptoms43,53,56–59. 
Accordingly, treatments for PTSD and anxiety without these interpersonal aspects (e.g. 
medication) are commonly prescribed only as add-on to psychotherapy60. Taken together, 
the technical feel and minimal emotional burden of a tDCS intervention might be useful to 
lower the barrier to seek treatment, but our findings suggest that tDCS for stress-related 
disorders should ultimately be offered in addition to an interpersonal treatment option like 
psychotherapy.

4
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Furthermore, the respondents’ positive attitude towards participating in the intervention 
stemmed mainly from a general motivation to explore alternative treatment options. Hope for 
recovery and desire for treatment innovation were also the main reasons for tDCS participation 
in a previous study28. Notably, the characteristics of the equipment and treatment setting 
had a significant influence on patients’ affective attitude, either in a positive or negative way. 
The technique also induced some initial feelings of unsafety among patients. As also pointed 
out by the caregivers, patients with stress-related disorder are prone to anxious feelings 
prior to starting a novel treatment43,53,56,58 and may prefer treatments they are familiar with46. 
To improve the affective attitude towards tDCS as a professional treatment tool, attention 
should be paid to the appearance and comfort of the equipment and treatment setting, and 
to patients’ understanding of the treatment and its safety profile.

Finally, patients expressed the feeling that many more tDCS sessions would be needed in order 
to effectuate a clinically significant change. The perceived clinical effects of this short tDCS 
intervention on symptoms were very limited or completely absent. Yet, in line with previously 
reported experiences with tDCS26,28, patients perceived increased focus and cognitive ‘clarity’ 
during tDCS or in the hours afterwards.

STUDY STRENGTHS AND LIMITATIONS
This study extended knowledge on tDCS acceptability to the context of stress-related 
disorders, military patients and, importantly, to the level of the caregiver. Furthermore, the 
relevance and reliability of our findings were maximized by combining quantitative data with 
qualitative outcomes in a mixed methods approach, and by using a validated theoretical 
framework and analysis method for the qualitative data. We therefore believe that these 
results make an important contribution to insights in the acceptability of tDCS in mental 
health care.

Yet, our study met a number of limitations. First, we investigated a sample of military and 
mainly male respondents. All respondents were also individuals who voluntarily participated 
in an RCT. Our results may represent the specific views of this population, although we believe 
that the most important findings are generalizable to other patients with stress-related 
disorders (e.g., regarding the difficulty comprehending tDCS working mechanisms and the 
travel burden). Second, no new themes emerged in the last interviews, indicating that the most 
important themes are covered by the data. However, the sample size of the interview study 
was relatively low, especially compared to the sample size of the quantitative study. Future 
studies are needed to confirm our qualitative findings in larger samples and other populations. 
Third, it should be mentioned that our findings are closely connected with the characteristics 
of the tDCS intervention as applied in our study. For example, the cognitive training on the 
stop-signal task should be seen as part of the total experience of the tDCS intervention. This 
may have influenced the experience with tDCS itself. Likewise, some of our findings may be 
very study-specific, such as aspects of the affective attitude (e.g., regarding tDCS equipment) 
and perceived effectiveness, which can limit the generalizability of our findings towards other 
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types of tDCS interventions. It should also be noted that the quantitative measures were taken 
during the tDCS intervention, while the interviews were conducted one or more months after 
tDCS participation. Although respondents did generally not report to have large issues with 
remembering specific details of the tDCS intervention, the qualitative data depended on the 
accuracy of the participants’ memory recall. In this respect, there is a discrepancy between 
the quantitative and qualitative data; the numbers reflect immediate tDCS experiences, while 
the interview results reflect overarching retrospective perspectives on tDCS as a technique 
for stress-related disorder treatment.

CONCLUSION
In this study we investigated the acceptability of tDCS for the first time in the context of stress-
related disorder treatment. High treatment adherence and minimal adverse side effects 
reflected high acceptability of tDCS. Exploratory findings on the subjective perspectives of 
military patients and their professional caregivers also showed that tDCS is overall regarded 
as an acceptable complementary treatment tool for stress-related disorders. However, our 
respondents raised two major issues. First, limited understanding of how tDCS works as a 
treatment tool highlighted the need to improve treatment comprehension. The essence of 
treatment comprehension was further emphasized by its negative influence on the affective 
attitude and perceived suitability of tDCS to treat stress-related symptoms. Second, travelling 
for treatment visits potentially poses an important barrier in this population. This barrier 
will grow when more (frequent) sessions are required for clinical effectiveness. Although the 
results reported here are closely connected with the way tDCS was applied in our study, they 
highlight that efforts should be made to better educate tDCS users and further develop home-
based tDCS solutions to secure optimal tDCS acceptability and, in turn, intervention success.

LIST OF ABBREVIATIONS
CBT = cognitive behavioral therapy
EMDR = eye movement desensitization and reprocessing
PTSD = posttraumatic stress disorder
RCT = randomized-controlled trial
STAI-6 = six-item short-form of the State-Trait Anxiety Inventory
tDCS = transcranial direct current stimulation
TFA = theoretical framework of acceptability
TMS = transcranial magnetic stimulation
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ABSTRACT
Objectives: Top-down stress regulation, important for military operational performance and 
mental health, involves emotional working memory and the dorsolateral prefrontal cortex 
(DLPFC). Multisession transcranial direct current stimulation (tDCS) over the DLPFC during 
working memory training has been shown to improve working memory performance. The 
present study tested the hypothesis that combined tDCS with working memory training also 
improves top-down stress regulation. However, tDCS-response differs between individuals. 
Resting-state electrophysiological brain activity was post-hoc explored as a possible 
predictor of tDCS-response. The predictive value of the ratio between slow-wave theta 
oscillations and fast-wave beta oscillations (theta/beta ratio) was examined, together with the 
previously identified tDCS-response predictors age, education and baseline working memory 
performance.

Materials and Methods: Healthy military servicemembers (n=79) underwent three sessions 
of real or sham tDCS over the right DLPFC (anode: F4, cathode: behind C2) at 2 mA for 20 
minutes during emotional working memory training (N-Back task). At baseline and within 
a week after the tDCS-training sessions, stress regulation was assessed by fear-potentiated 
startle responses and subjective fear in a threat-of-shock paradigm with instructed emotional 
downregulation. Results were analyzed in generalized linear mixed-effects models.

Results: Threat-of-shock responses and emotional working memory performance showed 
no significant group-level effects of the real versus sham tDCS-training intervention (p>.07). 
In contrast, when taking into account baseline theta/beta ratios or the other tDCS-response 
predictors, exploratory results showed a trait-dependent beneficial effect of tDCS on 
emotional working memory training performance during the first session (p<.01).

Conclusions: No evidence was found for effectivity of the tDCS-training intervention to 
improve stress regulation in healthy military personnel. The emotional working memory 
training results emphasize the importance of studying effects of tDCS in relation to individual 
differences.
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INTRODUCTION
Military personnel risk exposure to a variety of stressors, including physical danger and 
witnessing severe human suffering1,2. Prolonged and high levels of stress can impair 
operational performance3 and contribute to the development of mental health problems like 
anxiety and posttraumatic stress disorder (PTSD)4,5. Adequate top-down regulation of stress-
related reactions and emotions contributes to psychological resilience against these adverse 
effects of stress6–10. Cognitive strategies for top-down stress regulation involve, for instance, 
re-evaluating the value or meaning of a stressful situation to reduce its emotional impact11.

However, the effectiveness of top-down stress regulation may be compromised when stress 
levels are too high12. Both acute and chronic stress levels interfere with functioning of the 
prefrontal cortex, especially in the dorsolateral parts (DLPFC) that play a substantial role in 
stress regulation13,14 and cognitive functions like working memory15. Instead, better stress 
regulation has been associated with better working memory performance, specifically in the 
emotional domain16–19. Emotional working memory plays a role by actively keeping threat-
related information available and allowing for selecting and updating this information to 
deploy effective stress regulation strategies20. Accordingly, the right DLPFC has been identified 
as a target region for non-invasive brain stimulation to improve symptoms of stress-related 
disorders, including PTSD21. Also in healthy volunteers, several studies demonstrated that 
stress regulation improved after applying transcranial direct current stimulation (tDCS) over 
the right DLPFC or the neighboring ventrolateral PFC22–27.

TDCS modulates subthreshold cortical excitability and plasticity by polarizing nerve tissue 
using low intensity electrical currents (1-2.5 mA) administered over the scalp. Cortical 
excitability is generally assumed to increase by anodal tDCS and decrease by cathodal 
tDCS, although the exact mechanisms underlying tDCS effects are still unclear (for further 
reading see28,29). Single-session tDCS, however, yields transient neurophysiological effects 
that typically fade out within a few hours30, and single-session tDCS over the DLPFC does not 
always effectively modulate stress regulation31–33.

More consistent and sustained effects on higher-order cognitive functions and on symptoms 
of depression and PTSD are suggested to follow from multiple sessions of tDCS over the 
DLPFC or the ventrolateral PFC, particularly when applied during a neurocognitive training 
or therapy that activates the tDCS-targeted brain region34–41. One way to activate the right 
DLPFC is by a working memory task that is shown to activate several PFC regions involved in 
stress regulation18,42. The idea that working memory performance can be improved by anodal 
tDCS over the DLPFC is supported by converging evidence from a recent meta-analysis43. 
Additionally, several studies suggest that multisession tDCS during working memory training 
may lead to long-lasting performance gains in working memory and other cognitive functions 
depending on working memory44–47, indicating a potential benefit for stress regulation capacity.

5
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However, not all studies of combined tDCS with working memory training find these 
beneficial effects, see for example48,49. These negative findings could be related to the 
considerable variability between individuals in tDCS-effects on cognitive functions like 
working memory37,50. This variability has been associated with factors like age51–53, baseline 
cognitive performance54–58 and education59. Variability in tDCS-response may be even better 
explained by neural processes that interact with tDCS, such as indicated by markers from 
electroencephalography (EEG)60–62. One EEG marker that could be related to tDCS-effects on 
emotional working memory is the power ratio between slow-wave theta band activity (4-7 Hz) 
and fast-wave beta band activity (13-30 Hz) in resting-state EEG, i.e., the theta/beta ratio63–65. 
The theta/beta ratio is thought to reflect the balance between subcortical-based emotional 
and motivational drives and cortical-based cognitive control, as it has been associated with 
cognitive control over emotional input66–68, reward-motivated learning on cognitive tasks69–71 
and working memory training gains72. The theta/beta ratio was previously also associated 
with cognitive effects of a tDCS-related technique, transcranial random noise stimulation73,74.

Following these lines of evidence, the primary objective of this study was to test if multisession 
anodal tDCS of the right DLPFC during emotional working memory (WM) training could 
improve top-down stress regulation in healthy military personnel. The secondary objective 
was to explore the predictive value of the theta/beta ratio on inter-individual variability in 
tDCS-effects, in addition to the previously identified tDCS-response predictors age, baseline 
performance and education.

MATERIALS AND METHODS

PARTICIPANTS
Active-duty military personnel (18-60 years, uncorrected normal hearing) were recruited 
between January 2020 and April 2021a. Exclusion criteria were: Alcohol or drug dependence, 
psychoactive medication or drug use within the past two weeks, (history of) a psychiatric 
or neurological disorder (except for ADHD) or serious head trauma, large or ferromagnetic 
metal parts in the head, implanted cardiac pacemaker or neurostimulator, pregnancy, 
neurostimulation in the past month or skin damage or diseases at intended electrode sites. 
All participants provided written informed consent and received €65 for participation. 
The authors assert that all procedures contributing to this work complied with the ethical 
standards of the relevant national and institutional committees on human experimentation 
and with the Helsinki Declaration of 1975, as revised in 2008. The medical ethical committee 
of the University Medical Center Utrecht approved the study. Table 1 shows demographics 
and baseline psychological characteristics for each tDCS group.

a. This study was part of a double-blind randomized controlled trial that was pre-registered at the Netherlands Trial 
Register (www.trialregister.nl) with ID: NL8028. The a priori computed required sample size to detect tDCS effects 
on stress regulation was 62. Appendix section 1.1. describes how the required sample size was computed.
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Table 1. Participant characteristics (count or mean±standard deviation)

Real tDCS Sham tDCS

Gender Male:
Female:

35
2

33
2

Age (years) 34.0±10.7 36.1±11.1

Educational levela High school diploma
Vocational degree
Associate’s degree
Bachelor’s degree
Master’s degree

2
20
2
6
7

3
21
0
4
7

Number of deployments Never deployed:
1 deployment:
2-3 deployments:
≥4 deployments:

16
6
8
6

11
8
9
7

Rankb Officer:
Student-officer:
Senior NCO:
Junior NCO:

8
3

17
9

6
3

20
6

Handednessc Right-handed:
Left-handed:
No preference:

33
4
0

30
4
1

ASI-3 (rating 0-4) Physical:
Cognitive:
Social:

0.3±0.4
0.2±0.3
0.8±0.5

0.3±0.4
0.2±0.3
0.9±0.7

ACS (rating 1-4) Focusing:
Shifting:

2.7±0.4
2.8±0.3

2.6±0.5
2.8±0.4

ERQ (rating 1-7) Reappraisal:
Suppression:

4.7±0.9
3.6±1.0

4.8±0.8
3.7±1.0

PANAS (rating 1-5) PA:
NA:

3.7±0.5
1.5±0.4

3.7±0.4
1.5±0.5

Shock intensity Current (mA):

Duration (µs):

8.2±3.5,
range: 3–30

754±452,
range: 200–2000

8.3±4.6,
range: 2–39

644±424,
range: 200–2000

Fear of shock (rating 0-10) 2.7±1.6 3.2±1.8

Pain of shock (rating 0-10) 1.7±0.9 2.8±1.4

Start performance N-back task 
(block 1, session 1)

d’ (zhits – zfalse alarms) 1.35±1.0 1.29±1.0

a: Educational levels were assessed based on the Dutch educational system and for international 
interpretability converted to the best corresponding American degree. b: NCO = non-commissioned officer. 
c: Participants were asked to identify themselves as left-handed, right-handed or no preference. ASI-3: 
Anxiety Sensitivity Inventory-3, ACS: Attentional control scale, ERQ: Emotion regulation questionnaire, 
PANAS: Positive and Negative Affect Schedule.

5
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NON-INVASIVE BRAIN STIMULATION
TDCS was administered at an intensity of 2.0 mA (impedance <10 kΩ) for a duration of 20 
minutes with a DC-stimulator Plus (NeuroConn GmbH, Ilmenau, Germany). Anodal tDCS was 
concentrated on an area in the right DLPFC that has been shown to be activated by both WM-
performance and top-down emotion regulation13,18,75. The electrode montage to target this 
area was selected based on simulations of the electric field distribution in SimNIBS 3.2.376, see 
Figure 1B. A 3×3 cm saline-soaked sponge-covered anode was placed over EEG position F4, 
and a 5×7 cm cathode was placed dorsal of C2, see Figure 1B. Sham tDCS involved a 16-second 
fade-in fade-out stimulation at the start and end of the stimulation period, interleaved by 15 
ms pulses of 0.11 mA. Changes in emotional state (STAI-677) and possible tDCS side effects78 
(scored from 1, “absent”, to 4, “severe”) were assessed in each session.

EMOTIONAL WORKING MEMORY TRAINING
During tDCS, participants performed an emotional WM task based on the visuospatial/auditory 
N-back task from Schweizer and coworkers18. In each trial, participants indicated whether the 
location of an angry face in a 4×4 grid on a computer screen or a one-syllable negative word 
(e.g., “death”, “fear”, “hate”) matched with N trials back, see Figure 1B. Based on response 
accuracy, N increased or decreased by 1 in the consecutive block. The task contained 10 blocks 
of 20+N trials per block with 6 target trials. To further increase emotional arousal during the task, 
unpredictable aversive screams (~80 dB, ~1 sec.) and negative fictitious performance feedback 
were presented during six of the blocks79, see also Appendix section 1.2. At post-assessment, 
N-back task performance was tested on four prespecified WM-load levels (N=1-4).

PRIMARY OUTCOME MEASURE: THREAT-OF-SHOCK PARADIGM
Stress-related responses were assessed by the NPU-threat test80. The test contained two 
7-minute sequences. Per sequence, three No-shock (N) blocks were alternated by two 
Predicable- (P) and two Unpredictable-shock (U) blocks. In a work-up procedure, electrical 
shocks were tuned to an intensity rated by the participant as 4 on a 5-point Likert scale (1: “I 
feel no shock”, 5: “the shock feels very uncomfortable but not painful”). During each 60-second 
block, three cues were presented (4 seconds), interleaved by variable inter-trial-intervals (ITI, 
3-30 seconds). One or two shocks were delivered per threat block at a computer-randomized 
moment during the last second of cue presentation (Predictable shock) or during the ITI 
(Unpredictable shock). Six shocks were delivered per threat condition in total. Appendix 
section 1.3.1. describes further test details.

Physiological threat responses were assessed by the eyeblink fear-potentiated startle reflex81. 
Eyeblink startles were recorded by electromyography (EMG) of two active 4 mm flat surface 
Ag/AgCl electrodes (BioSemi B.V., Amsterdam, the Netherlands) filled with conductive gel, 
placed ~1 cm apart on the left orbicularis oculi muscle82. A startle probe of 50 ms white noise 
at ~100 dB was delivered through 3A insert earphones (E-A-RTONE™, 3M™) at a computer-
randomized moment during the first three seconds of each cue, and during each ITI. EMG 
data were preprocessed (Appendix section 1.3.3.) and startle amplitudes were quantified 
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as the maximum amplitude between 20 and 120 ms after probe onset (baseline-corrected 
and within-subject standardized)82. Subjective fear for each condition and context (cue, ITI) 
was self-reported after every sequence on a visual analogue scale (VAS) from 0: “I did not feel 
nervous or anxious at all” to 100: “I felt very nervous or anxious”.

Block
    8

“Death”
“Fear”

“Blood”

Stimulus 
presentation: 
500 ms

Response 
window: 
2500 ms

1 min. break

. . .Scream

tDCS
Emotional N-back task

T=0 min. T~10 min. T=20 min. T~30 min.

0.5

0 Block
    9

Block
   10

N
orm

alized electric 
field strength 

(V
/m

)

. . .

+
Target?

Press  ‘A’

No

target?

      P
ress  ‘L’

N = 2

you peers

You score below average. 

Please perform more 

accurately.
“Blood”

Target 
trial

Non-target 
trial

Fictitious feedback

A

B

Resting-state EEG

NPU-threat test

Online 
questionnaires

Resting-state EEG

NPU-threat test

Online 
questionnaires

N-Back test

tDCS +
training
(N-back task)

tDCS +
training

tDCS +
training

1 2 3

Baseline assessment tDCS-training intervention Post-assessment

1-6 days 1-6 days 1-6 days 1-6 days

Figure 1. A) Overview of the study design. B) Overview of a tDCS-training session. The tDCS montage and 
example of electrical field distribution are simulated in SimNIBS 3.2.376 with twenty brains obtained from 
a publicly available MRI dataset of neurologically healthy individuals124. The figure displays the average 
electrical field distribution across these twenty simulations. The example of an N-Back trial sequence 
represent a WM-load of N=2. Angry face stimuli are derived from the Chicago face database125.
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Similar to previous research of top-down stress regulation8,12, a psychoeducation was provided 
before the NPU-threat test. Stress regulation strategies were explained, for example by 
instructing to view a situation with a “detached, objective, impartial and scientific mindset” 
or think of more positive aspects of the situation11, see Appendix section 1.3.2. Participants 
were instructed to use these strategies to downregulate threat-related emotional responses 
during the NPU-threat test.

QUESTIONNAIRES
Top-down stress regulation tendencies, anxiety sensitivity, emotional symptoms and cognitive 
control of attention were assessed by self-report on the Dutch translation of the emotion 
regulation questionnaire (ERQ)83,84, the 18-item Anxiety Sensitivity Inventory (ASI-3)85,86, the 
Positive and Negative Affect Schedule (PANAS)87, and the attentional control scale (ACS) (item 
12 about attention during ‘lectures’ was adapted to ‘lessons’)88.

EXPLORATORY MEASURES
Educational level and age were recorded during the baseline visit. Baseline WM-performance 
was defined as a Start Performance score based on the sensitivity (d′ = zhits – zfalse alarms) at the 
start of the training (block 1, session 1, where all participants performed a 1-Back task). Start 
Performance scores did not significantly differ between groups (mean±SD: real tDCS 1.35±1.0, 
sham tDCS 1.29±1.0, t(70)=0.26, p=.799).

The theta/beta ratio was extracted from 4-minute resting-state EEG (alternating 1-minute eyes 
open, 1-minute eyes closed), recorded at the start of the baseline and post-assessment visits 
(experimenters left the room). EEG data were recorded and amplified with a BioSemi ActiveTwo 
system (BioSemi B.V., Amsterdam, the Netherlands) at 2048 Hz, relative to a Common Mode 
Sense (CMS) active electrode in combination with a Driven Right Leg (DRL) passive electrode, 
from channels Fp1, Fp2, AF3, AF4, F7, F8, F3, F4, Fz, Cz, FC1, FC2, FC5, FC6, C3, C4, CP1, CP2, CP5, 
CP6, P7, P8, P3, P4, Pz, PO3, PO4, O1, O2 and Oz. Offline pre-processing was done with custom 
Matlab scripts, EEGLAB v2021.089 and ERPLAB v8.1090. Continuous data were segmented in 
1-sec epochs. Eye blinks were identified and removed based on the EEGLAB ICA function. 
Epochs containing artifacts due to movement or facial muscle contractions were automatically 
marked (>30 µV difference between adjacent samples, >100 µV difference per 200 ms signal, 
or absolute amplitude larger than ±75 µV) and deleted after visual inspection. A fast Fourier 
transform (FFT) was applied per epoch using Welch’s method (Hanning taper, 50% overlap, 
0.25 Hz resolution). The power spectral density (µV2/Hz) was averaged over epochs and log-
transformed. Following previous research, the frontocentral theta/beta ratio was calculated as 
the average theta power (4-7 Hz) divided by the average beta power (13-30 Hz) from channels 
Fz and Cz (data collapsed across eyes open and eyes closed conditions)66,69. Theta/beta ratios 
tended to be higher in the real versus sham tDCS group (mean±SD: real tDCS 7.7±3.1, sham 
tDCS 6.5±2.4, t(70)=1.82, p=.074).
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PROCEDURE
Participants were recruited and study visits were carried out at several military bases in the 
Netherlands. After providing study information, screening and obtaining informed consent, 
eligible individuals were randomly allocated to real or sham tDCS (1:1) by selecting the next-
available stimulator-activating code from a list. This list contained 20 codes for real tDCS 
and 20 codes for sham tDCS, which were randomized with the Matlab function ‘randsample’. 
Experimenters and participants were blind for code-to-condition correspondence. Baseline 
and post-assessment visits took place 1-6 days before and after the tDCS-training intervention 
and included a resting-state EEG recording and the NPU-threat test. Self-report questionnaires 
were completed online. Three tDCS-training sessions took place 1-6 days apart during working 
hours (between 6am and 9pm, depending on working shift). As it is not yet clear whether 
online tDCS or offline tDCS is most effective to modulate cognitive performance91–93, tDCS (20 
minutes) was turned on approximately 10 minutes before the emotional N-Back training was 
started such that tDCS continued during the first half of N-Back task performance and was 
turned off during the second half of the task, see Figure 1B. The emotional N-Back test version 
was carried out during the post-assessment visit. Participants were debriefed about their tDCS 
condition (real or sham) and the fictitious nature of the N-Back performance feedback after 
data collection was completed.

DATA REDUCTION AND STATISTICAL ANALYSIS
Data were analyzed in generalized linear mixed-effects models (GLMMs) based on a gamma 
distribution in R94 using the “lme4” package95. Within-subject outliers in dependent variables 
(>3 standard deviations from the mean) were excluded. Effects are reported as significant when 
p<.05 (two-tailed). Significant interaction effects were followed-up by post-hoc comparisons 
of the estimated marginal means using the “emmeans” package96 and reported with Cohen’s 
d effect sizes.

Emotional working memory
The effects of tDCS were examined for both N-Back training performance and N-Back post-
assessment performance. N-Back training performance was operationalized as the achieved 
WM-load level (N) per block, and analyzed by fixed effects for Group (real versus sham tDCS), 
Session (sessions 1, 2 and 3), Block (1-10) and the quadratic term Block2 to model the typical 
nonlinear learning curve during training sessions. Inter-individual variability in performance 
levels and in learning rates were modeled by a random intercept for Participant and a random 
slope for Block. N-Back post-assessment performance was operationalized as the correct-
response median reaction time (RT) and the sensitivity (d′ = zhits – zfalse alarms) reflecting the ability 
to distinguish target trials from non-target trials97, analyzed by fixed effects for Group, WM-
load (N=1-4) and the maximum WM-load during training (Train Max.), together with a random 
intercept for Participant.

5
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NPU-threat test
Startle amplitudes and fear ratings were significantly higher in the threat compared to safe 
conditions, see Figure 3A and Appendix section 2.4.1. To test the effects of tDCS, threat 
cue responses were analyzed by fixed effects for Group, Threat Condition (Predictable- or 
Unpredictable-shock), Time (baseline, post-assessment), Sequence Number (1 or 2), and Probe 
Number (1-6). Variability in threat responsivity and startle habituation were modeled by a 
random intercept for Participant (fear ratings) and a random slope for Probe Number (startle 
amplitudes).

Exploratory analyses
To explore the predictive value of the theta/beta ratio on tDCS-effects during the tDCS-training 
sessions, the theta/beta ratio was entered to the GLMM analyzing N-Back training performance 
as described above. Interactions between the theta/beta ratio and effects of tDCS-group 
over time (over blocks or sessions) would indicate a predictive value of the theta/beta ratio. 
In addition, the predictive values of Age, Education and Start Performance were evaluated 
following the same procedure.

RESULTS
Participants tolerated tDCS well. We noticed a small skin lesion on the anode location in one 
participant, likely resulting from an insufficiently soaked sponge pad during administering 
tDCS in session 3. The lesion healed within six days. Some participants reported mild burning, 
itching and tingling sensations, rated on average between 1(“absent”) and 2(“mild”). No 
significant group differences appeared in these or other tDCS side effects or emotional state 
fluctuations during tDCS sessions, see Appendix section 2.1.

Three of the 79 included volunteers failed to comply to the N-Back task instructions and four 
dropped out prematurely, due to coronavirus-related restrictions (n=2), lack of time (n=1), or 
no reason provided (n=1). Ten participants showed insufficient (<30%) valid startle responses 
(n=2) or encountered technical issues during NPU-threat test recordings (n=8), resulting in a 
sample of n=62 for analysis of the primary outcome measure. For the other outcome measures, 
data from 72 participants was available for statistical analyses (real tDCS: n=37, sham tDCS: 
n=35). Figure S1 shows the full CONSORT flow diagram.

EMOTIONAL WORKING MEMORY PERFORMANCE

TDCS-training sessions 
Results showed significant interaction effects of Group×Session and Group×Block2 (p’s<.016, 
see Table S2.2.1 and Figure 2A). In separate GLMMs per session, the Group×Block2 interaction 
showed a trend-like effect in tDCS-training sessions 1 and 3 (p’s<.059, see Table S2.2.2.). 
Figure 2A shows that N-Back training performance tended to be higher in the real versus 
sham tDCS group in the first tDCS-training session (p=.081). This trend was not observed 
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in the subsequent sessions (p’s>.40, see Table S2.2.3). Results did not significantly differ 
when data were analyzed separately for performance during online tDCS (blocks 1-5) or offline 
tDCS (blocks 6-10), see Appendix section 2.2.1. Together these results show no significant 
group difference, but suggest that the real versus sham tDCS group tended to improve N-Back 
performance faster during the first tDCS-session.

Post-assessment
No significant main or interaction effects of Group were found for either RT or d’ (p’s>.29), see 
Figure 2B and Table S2.3.1. Excluding data from participants who achieved a relatively low 
maximum WM-load level (Train max.<4, real tDCS: n=9, sham tDCS: n=3) did not significantly 
change the results.
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NPU-THREAT TEST
Significant Group×Time interactions were found for startle amplitudes and fear ratings 
(p’s<.038, see Figure 3B and Table S2.4.3.). Follow-up comparisons revealed that the real 
versus sham tDCS group showed lower baseline startle amplitudes (p’s<.035) and lower 
baseline fear ratings (p=.050) in response to the Predictable-shock cues, see Figure 3B and 
Table S2.4.4. Post-assessment results showed no significant effects of real versus sham tDCS 
on startle amplitudes (p’s>.141) or fear ratings (p’s>.075).
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EXPLORATORY ANALYSES: PREDICTORS OF TDCS EFFECT
Exploratory results indicated that the baseline theta/beta ratio influenced the effect of real 
tDCS on N-Back training performance. In the full model, significant three-way interactions 
were observed of Theta/beta Ratio with Group and Session (Group×Session×Theta/beta 
ratio: b(SE)=-0.11(0.04), p=.013) and with Group and Block (Group×Block2×Theta/beta ratio: 
b(SE)=-0.11(0.04), p=.013, see Table S2.5.1.). To interpret these interactions, N-Back training 
performance was plotted per session, separately for median-split subsamples based on 
baseline theta/beta ratio, see Figure 2C. Follow-up group comparisons indicated that the 
real tDCS group only showed significantly improved performance relative to the sham tDCS 
group during session 1 (not during later sessions, see also Table S2.5.3) in participants with a 
higher baseline theta/beta ratio. Results showed no evidence for changes in theta/beta ratios 
from baseline to post-assessment; no significant effect on theta/beta ratios was observed 
for Time, Group, or their interaction (Time: b(SE)=0.52(0.36), p=.149; Group: b(SE)=0.06(0.06), 
p=.284; Time×Group: b(SE)=-0.13(0.08), p=.111).

Additionally, results of the second part of these exploratory analyses followed previous 
findings by showing an influence of Age, Education and Start Performance on the effect of 
real tDCS on N-Back training performance. For all three predictors, results showed significant 
four-way interactions with Group, Session and Block (p’s<.010, see Table S2.5.2.). Visual 
inspection of N-back training performance per median-split subsamples and follow-up group 
comparisons indicated that improved performance in the real vs. sham tDCS group during 
session 1 was shown by participants with lower educational level, younger age and higher 
start performance (see Table S2.5.3). This predictor-dependent group difference was most 
pronounced for Age (see Table S2.5.3), as illustrated in Figure 2C.

DISCUSSION
The present study examined changes in top-down stress regulation in healthy military 
personnel after three sessions of anodal tDCS over the right DLPFC at 2 mA combined with 
emotional WM training. Contrary to our hypothesis, results indicated no significant effect 
of real versus sham tDCS combined with WM training on stress regulation; stress-related 
responses to a threat-of-shock paradigm with instructed emotional downregulation did not 
differ between groups. Moreover, at group-level, results indicated no significant effect of real 
versus sham tDCS on emotional WM performance during the training or at post-assessment. 
Interestingly, however, post-hoc exploratory analyses of potential predictors of the tDCS-
response including the theta/beta ratio suggested a trait-dependent effect of tDCS on 
performance during the first tDCS-WM training session. The present findings suggest that 
tDCS as applied here may have only a short-lasting and trait-dependent effect during the early 
stages of the tDCS-training intervention.
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TDCS-EFFECTS ON STRESS REGULATION
No significant real versus sham tDCS effects were observed at post-assessment in the intensity 
or habituation of threat-related responses during the NPU-threat test. Although the NPU-threat 
manipulation was successful, our sample showed on average relatively low startle amplitudes 
(<30 µV) and fear ratings (<30 on a 0-100 scale) in response to the threat conditions compared 
to other healthy participant samples (average startle amplitudes of almost 50 µV, fear ratings 
between 4-5 on a 0-10 scale)98,99. While the stress regulation instructions may have lowered the 
intensity of threat responses in the present study8,9, the low threat responses could also be a 
result of overall lower anxiety sensitivity in our sample (ASI-3 total scores mean±SD: 8.1±6.0) 
compared to other non-military Dutch healthy participant samples (mean±SD: 10.7±8.1)86. 
Hence, our participants may have required little improvement in top-down stress regulation 
to attenuate the already low threat responses. Considering that stress resilience is part of 
military training and selection, threat manipulations that elicit stronger stress responses may 
be necessary for studies in healthy military populations. Moreover, it should be noted that 
our results may not generalize to individuals with higher threat-sensitivity or stress regulation 
problems.

TDCS-EFFECTS ON EMOTIONAL WORKING MEMORY TRAINING
When taking into account predictive factors of tDCS-response, tDCS showed beneficial effects 
on emotional WM-performance, but this effect was limited to the first training session. This 
short-lived tDCS-effect contrasts results from four prior studies showing significant tDCS-
induced performance gains that accumulated during WM-training and that were sustained in 
the days or even months after the tDCS-training intervention44–46,100. These studies administered 
anodal tDCS over the right44,45,100 or left44–46 DLPFC over multiple (4 to 7) sessions in healthy 
volunteers, similar to the present study. Unlike the present study, effects were measured in 
students, and different reference (cathode) locations were used (over the parietal cortex, 
contralateral to the anode, or surrounding the anode, i.e., high-definition tDCS). However, 
since two of the same research groups did not replicate their results in later studies using 
similar samples and electrode montages48,49, these differences in study characteristics do not 
seem to explain the difference in study results.

The short-lasting tDCS-effect in the present study could also reflect that participants already 
reached ceiling performance during the first N-Back training session. It has been shown that 
N-Back ceiling performance can be achieved within 20 minutes of the task101 and we observed 
a significant flattening of performance improvement towards the end of the first session. On 
the other hand, the emotional dual N-Back task was based on a working memory training 
study by Schweizer and coworkers18. Maximum performance levels in that study (N between 
4 and 5) were higher than the performance levels reached in our sample at the end of the first 
tDCS-training session (N between 2 and 3, see Figure 2A). In addition, our participants further 
increased in N-Back performance from the first to the second and third session (session 3: 
N between 3 and 4, see Figure 2A). These results suggest that participants did not yet reach 
ceiling performance during the first tDCS-training session, and therefore do not support the 
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idea that ceiling performance explains the lack of tDCS-effects on WM-performance beyond 
the first tDCS-training session.

Interestingly, our results concur with a set of studies showing similar short-lasting tDCS-effects. 
For example, three studies in healthy students showed that multiple (2, 3 or 10) sessions of 
anodal tDCS over the left DLPFC (1-2 mA) significantly enhanced WM-performance during the 
first session, but not in subsequent sessions102–104. Another study showed that anodal tDCS 
over the left DLPFC (1.5 mA) only significantly enhanced cognitive task performance when 
real tDCS was applied in the first of two experimental sessions in a cross-over design105. The 
authors of this study proposed that tDCS may primarily facilitate performance at the onset 
of learning new cognitive skills. In line with this idea, our results show that the early-stage 
tDCS-effect was driven by a steeper learning curve, suggesting accelerated learning. Evidence 
from motor cortex stimulation research supports the idea that performing a learning task 
during tDCS mediates tDCS-related changes in task performance106,107. Moreover, effects of 
non-invasive brain stimulation, including tDCS-effects on WM-performance, have been shown 
to depend on arousal and stress levels108–111. In the present study, central nervous system 
arousal could have been elevated in particular during the first session due to the novelty of 
tDCS and the training task. Altogether, factors like novel learning processes and arousal could 
have interacted with the neurophysiological effects of tDCS specifically during the early stages 
of the tDCS-training intervention. More insights in these potential interactions may help to 
unravel how beneficial tDCS-effects can be extended beyond the short-lasting performance 
enhancement observed here.

INFLUENCE OF INDIVIDUAL CHARACTERISTICS ON TDCS-RESPONSE
In addition to the confirmatory group-level analyses, post-hoc analyses were performed 
to explore sources of individual differences in tDCS-response. These exploratory analyses 
indicated that the early-stage tDCS-effect on emotional WM-performance was stronger in 
relation to higher theta/beta ratios. Higher theta/beta ratios have repeatedly been associated 
with higher reward motivation69,70,112. Previous findings showed that reward motivation 
increases working memory performance and related PFC activity113 and may promote tDCS-
effects on working memory114,115, which might explain the predictive value of the theta/beta 
ratio in the present study. Moreover, higher theta/beta ratios have been associated with lower 
cognitive control, possibly indicating that individuals with dominant subcortical-based drives 
relative to cortical-based cognitive control benefited more from tDCS67,68. Additionally, in 
line with previous findings, higher baseline WM-performance54,116, younger age52,53 and lower 
educational level were associated with a stronger early-stage tDCS-effect. Accordingly, 
several findings suggest that factors like a shorter brain-to-skull distance117 and higher levels 
of neural plasticity118,119,118 may contribute to the higher effectivity of tDCS observed in the 
younger adults. Instead, results on the influence of education and baseline WM-performance 
on tDCS-response are mixed55,57,58. Our finding of larger tDCS-response in individuals with 
higher baseline WM-performance is in line with some previous studies54,59, and may indicate 
that higher recruitment of the targeted frontoparietal pathways facilitates tDCS-effects54. 
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However, such explanations remain largely speculative as the present study does not identify 
the processes underlying the interaction between tDCS and these factors. Moreover, our 
results do not elucidate to what extent the four examined predictors reflect overlapping or 
distinct factors that influence tDCS-response.

Clearly, replication of these exploratory results is required before firm conclusions can be 
drawn. Nevertheless, these findings highlight the importance of involving individual state- 
and trait-dependent factors in understanding the effects of tDCS. Interestingly, by replicating 
the association between the theta/beta ratio and effects of transcranial electric stimulation 
on cognitive performance73,74, our results motivate further research to establish whether this 
resting-state EEG-readout is a useful predictor of tDCS-response.

LIMITATIONS
The present study is disadvantaged by some methodological considerations. First, ramp-up-
ramp-down stimulation was applied in the sham tDCS condition. Although this sham method 
is commonly used120, results about blinding success have been mixed121–123. Blinding success 
was not formally assessed in the present study and a possible effect of unsuccessful blinding 
can therefore not be completely ruled out. Second, the effectivity of anodal tDCS over the 
DLPFC on working memory tasks performance depends on the electric field strength and 
consequent excitability changes in a relatively ventrally located area of the DLPFC38,43. Based 
on a priori electric field modelling estimations (Figure 1B), the applied electrode montage 
should induce peak level electrical field strength in this region. Unfortunately, the actual 
electrical field strength in this region in individual participants in our study is unknown, and 
could not be estimated due to the lack of anatomical scans. Third, a tDCS-training intervention 
with three sessions is comparable to previous studies (2-10 sessions, see above). However, 
not all studies show a significant effect of tDCS starting from the first session onwards. For 
example, careful examination of findings in two previous studies shows that a clear effect of 
tDCS on WM-performance started to manifest after three or more sessions44,46. Together with 
the potential ceiling performance issues on the NPU-threat test and N-Back task, this suggests 
that future studies may benefit from applying more tDCS-training sessions and using more 
sensitive outcomes measures (e.g., more variety or cognitive challenge in the tasks) to get 
better insight in the effect of multisession tDCS on WM-training. Finally, the present study 
applied tDCS both online and offline, that is, tDCS administration only covered the first half 
of the N-Back training in each session. Online and offline tDCS were combined as it is not yet 
clear which timing of tDCS has better effects on cognitive performance91–93. However, many 
previous tDCS-WM training studies in healthy individuals applied tDCS online only44–46,102,103 
or offline only100. The generalizability of our results may therefore be limited to this specific 
online/offline tDCS application.

CONCLUSION
The present study in healthy military personnel showed no evidence for the hypothesized 
beneficial effect on top-down stress regulation of multisession anodal tDCS over the right 
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DLPFC during emotional working memory training. Instead, the results suggest that tDCS had a 
short-term beneficial effect on emotional working memory performance in the early stages of 
the training. This effect was moderated by the theta/beta ratio and other previously identified 
predictors of tDCS-response, emphasizing the importance of state- and trait-dependent 
factors in tDCS-effects on cognitive performance.
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APPENDIX

SUPPLEMENTARY METHODS

Participants: Additional details on screening and sample size calculation
The absence of a current depressive episode, an anxiety disorder, PTSD or intermittent 
explosive disorder diagnoses were confirmed by structured interview questions from the 
M.I.N.I. based on DSM-IV1.

Previous studies of prefrontal tDCS-effects on emotion regulation2-6 provided an a priori 
estimated effect size of d=0.73. A sample size of 62 was required to detect this effect, as 
computed in G*Power 3.17 based on 80% power and a 0.05 false positive rate.

Emotional working memory task

Additional details on the task design
Following Schweizer et al.8, the N-Back task started with N=1 (1-Back, minimum WM-load level). 
N increased or decreased by 1 in the next block after correctly responding to ≥70% or ≤50% 
targets and non-targets. In the second and third session, N started at the final N achieved in 
the previous session minus 1. Response buttons corresponding to targets and non-targets (‘L’ 
and ‘A’ keyboard buttons) were counterbalanced between subjects.

Additional details about the fictitious performance feedback
After each block in the N-Back task, participants were presented fictitious personal 
performance score displayed next to a fictitious peer group norm score in a bar graph. Negative 
performance feedback was provided in six of the blocks: the participant’s fictitious score was 
displayed as much lower than the peer group’s score in a red-colored bar, accompanied by 
the message: “Your accuracy or response speed is below average. Please perform the task as 
accurately as possible.” Neutral performance feedback was provided in the remaining blocks: 
the participant’s fictitious score was displayed as similar to the fictitious peer group’s score 
in a grey-colored bar.

NPU-threat test

Additional details on the task design
Following Schmitz and Grillon9, the conditions were presented in two sequences in the 
orders P-N-U-N-U-N-P and U-N-P-N-P-N-U or vice versa. A 1-minute break separated the two 
sequences. After the test, participants rated the intensity, painfulness and fear of the shock 
on a Likert scale from 1: “not intense/painful/ nervous or anxious at all” to 10: “very intense/
painful/ nervous or anxious”.
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Psychoeducation on emotion regulation strategies
Three previous studies showed that tDCS particularly modulated stress-related emotional 
responses when cognitive emotion regulation strategies were actively applied2-4. 
Psychoeducation in cognitive regulation strategies can improve regulation of threat 
responses10 and reduce amygdala reactivity to threat11. Therefore, psychoeducation was 
given briefly during the baseline visit to familiarize all participants with cognitive regulation 
strategies.

Psychoeducation was based on the cognitive regulation training described in two previous 
studies10,12, and adapted to the current study context in cooperation with two clinical 
psychologists. First, the experimenter explained that the intensity of emotional reactions 
to negative events can be reduced by intentionally re-evaluating the value or meaning of 
something in a less threatening or less negative way. The experimenter provided the ‘distancing’ 
and ‘reinterpreting’ strategies for emotion regulation, adopted from Denny and Ochsner. For 
the distancing strategy, the participant was instructed to view a stimulus or situation with a 
“detached, objective, impartial and scientific mindset”13. For the reinterpretation strategy, 
the participant was instructed to think of more positive aspects of the stimulus or situation, 
such as by “focusing on a detail or aspect of the situation or stimulus that isn’t quite as bad as 
it first seemed”13. The experimenter provided an example of a negative every-day-life event, 
and asked the participant to use both strategies to think of the event in a less emotionally 
arousing way. Psychoeducation took approximately twenty minutes to complete. A short recap 
was given during the post-assessment visit.

Startle eye-blink data processing
Surface electrodes were measured online at 2048 Hz, relative to a Common Mode Sense (CMS) 
active electrode in combination with a Driven Right Leg (DRL) passive electrode. Before task 
onset, six startle probes were presented to stabilize startle responses14. EMG responses were 
pre-processed in a custom MATLAB script based on startle eyeblink analysis guidelines14,15 
using EEGLAB and ERPLAB functions16,17. First, the raw bipolar signal between the two surface 
electrodes was downsampled to 500 Hz, filtered with a 28 Hz high pass 4th order infinite impulse 
response (IIR) Butterworth filter, rectified by taking the root mean square, and smoothed by a 
30 Hz low pass filter. Next, epochs were created from -1800 to 150 ms around startle probes, 
and the signal was corrected to the last 50 ms before probe onset. To exclude artifacts caused 
by, e.g., voluntary blinks, the baseline was divided into 150-ms windows; windows with signal 
deflections >10 µV were excluded from the baseline mean following Heesink et al.18. Deflections 
>10 µV occurring in the last 50 ms before probe onset led to exclusion of the whole epoch. On 
average, 3±7 epochs were excluded per participant (range excluded epochs in the real tDCS 
group: 0-26 epochs, in the sham tDCS group: 0-42 epochs). Finally, a baseline mean voltage 
was calculated as the signal mean during the 1800 ms before probe onset and subtracted 
from the startle amplitude value.
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167tDCS, stress regulation and working memory

CONSORT Flow Diagram 

Assessed for eligibility (n=116) 

Excluded (n=37) 
• Not meeting inclusion criteria (n=19)
• Declined to participate (n=18)

Analysed (n=37) 
Excluded from analysis: 
• Failed to comply to N-Back task

instructions (n=2)

Analysed for NPU-threat test (n=33) 
Excluded from analysis: 
• No data available due to technical failure

(n=4)

Drop-outs: 
• Quit participation due to coronavirus-

related restrictions (n=1)

Drop-outs: 
• tDCS electrical resistance too high (n=1)
• No time to continue participation (n=1)
• Quit participation without providing

reasons (n=1)

Analysed (n=35) 
Excluded from analysis: 
• Failed to comply to N-Back task

instructions (n=1)

Analysed for NPU-threat test (n=29) 
Excluded from analysis: 
• No data available due to technical failure

(n=4)
• Insufficient valid startle responses (n=1)
• No post-assessment due to coronavirus-

related restrictions (n=1)

Allocation 

Analysis 

Randomized (n=79) 

Enrollment 

40 
real tDCS 

39 
sham tDCS 

39 36 

Figure S1. CONSORT flow diagram.
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SUPPLEMENTARY RESULTS

EMOTIONAL STATE FLUCTUATIONS AND TDCS SIDE EFFECTS
Table S2.1.1. shows pre- to post-session fluctuations in emotional state as assessed by 
the STAI-6, and tDCS side effect scores. Group differences were tested by MANOVA’s with all 
items as dependent variables (formulas: STAI-6 items ~ Group(real,sham) * Session(1,2,3) * 
Time(pre,post); tDCS side effects ~ Group * Session). The real versus sham tDCS group showed 
no significant differences in emotional state fluctuations during the sessions; Group showed 
no significant main or interaction effects (Group: F(6, 404)=1.102, p=.360, Wilk’s Λ=0.983; 
Group×Session interaction: F(12, 808)=0.671, p=.780, Wilk’s Λ=0.980; Group×Time interaction: 
F(6, 404)=0.496, p=.811, Wilk’s Λ=0.993). For tDCS side effect scores, Group showed a significant 
main effect (F(11, 196)=2.219, p=.015, Wilk’s Λ=0.889). The real versus sham tDCS group showed 
numerically higher scores for burning and itching sensations. However, no significant group 
differences were found when the side effects were tested separately in a Wilcoxon-Mann-
Whitney test (p’s>.145).

Table S2.1.1. Emotional state and tDCS side effect ratings, averaged over sessions.

Pre-session Post-session

Real tDCS Sham tDCS Real tDCS Sham tDCS

Item mean SD mean SD mean SD mean SD

STAI-6: calm 3.37 0.69 3.39 0.69 3.25 0.69 3.14 0.79

STAI-6: tense 1.24 0.53 1.32 0.60 1.23 0.50 1.35 0.56

STAI-6: upset 1.04 0.23 1.01 0.10 1.15 0.41 1.20 0.49

STAI-6:relaxed 3.21 0.72 3.25 0.66 3.10 0.70 3.10 0.74

STAI-6:content 3.29 0.58 3.26 0.58 2.91 0.76 2.93 0.75

STAI-6: worried 1.17 0.40 1.23 0.51 1.14 0.38 1.20 0.49

tDCS: acute change in mood 1.05 0.23 1.11 0.34

tDCS: burning 1.35 0.52 1.19 0.42

tDCS: concentration problems 1.41 0.72 1.35 0.65

tDCS: dizzy 1.03 0.16 1.04 0.20

tDCS: drowsy 1.21 0.56 1.18 0.48

tDCS: headache 1.10 0.38 1.11 0.34

tDCS: itching 1.42 0.61 1.25 0.52

tDCS: nausea 1.02 0.13 1.00 0.00

tDCS: neck_pain 1.03 0.16 1.03 0.17

tDCS: pain on skull 1.08 0.33 1.02 0.14

tDCS: tingling 1.33 0.51 1.27 0.51

tDCS: intensity rating (1-100) 21.41 21.82 14.81 15.45

tDCS: comfort rating (1-100) 70.37 26.43 73.29 29.30
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169tDCS, stress regulation and working memory

EMOTIONAL WORKING MEMORY TRAINING

Table S2.2.1. Model output from full GLMM of emotional N-Back training performance.

Random factors: Variance SD

Variance of random intercept for Participant 4.68E-02 0.22

Variance of random slope for Block by Participant 2.44E-03 4.94E-02

Residual 0.10 0.32

Fixed factors: b SE p

(Intercept) 2.16 0.13 <.001

Group 0.22 0.19 .228

Session 2 (vs. 1) 0.63 5.60E-02 <.001

Session 3 (vs. 1) 1.17 6.34E-02 <.001

Block 24.11 2.75 <.001

Block2 -3.32 1.26 .009

Group x Session 2 (vs. 1) -7.34E-02 7.79E-02 .345

Group x Session 3 (vs. 1) -0.45 8.54E-02 <.001

Group x Block 0.47 3.74 .900

Group x Block2 -4.57 1.87 .015

Session 2 (vs. 1) x Block -0.25 2.44 .920

Session 3 (vs. 1) x Block -3.82 2.85 .180

Session 2 (vs. 1) x Block2 -4.45 2.34 .057

Session 3 (vs. 1) x Block2 -3.90 2.74 .155

Group x Session 2 (vs. 1) x Block -3.26 3.37 .333

Group x Session 3 (vs. 1) x Block -1.34 3.74 .721

Group x Session 2 (vs. 1) x Block2 3.76 3.37 .265

Group x Session 3 (vs. 1) x Block2 -0.21 3.66 .954

Formula: WM-load-level ~ Group * Session * (Block, Block2) + (1|Participant) + (0+Block|Participant)

Effects of online versus offline tDCS on N-Back training performance
To explore whether online versus offline tDCS differentially influenced N-Back performance, 
the GLMM was repeated separately for N-Back training performance during blocks 1-5 (first 10 
minutes of the task, while tDCS was turned on) and for performance during blocks 6-10 (second 
10 minutes of the task, while tDCS was turned off). The results are reported in Table S2.2.1.1. 
The results were not significantly different from the results of the GLMM analyzing total task 
performance, suggesting no significant differences in the effects of online versus offline tDCS.

5
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Table S2.2.1.1. Model output from full GLMM of emotional N-Back training performance separately for 
online tDCS (blocks 1-5) and offline tDCS (blocks 6-10).

N-Back blocks 1-5
 (online tDCS)

N-Back blocks 6-10
 (offline tDCS)

Fixed factors: b SE p b SE p

(Intercept) 1.75 0.12 0.000 2.60 0.18 0.000

Group 0.17 0.16 0.295 0.23 0.26 0.374

Session 2 (vs. 1) 0.62 0.07 0.000 0.63 0.09 0.000

Session 3 (vs. 1) 1.21 0.08 0.000 1.10 0.10 0.000

Block 13.03 1.85 0.000 5.66 1.92 0.003

Block2 -0.99 1.09 0.363 3.50 1.57 0.026

Group x Session 2 (vs. 1) 0.03 0.09 0.749 -0.17 0.12 0.145

Group x Session 3 (vs. 1) -0.32 0.11 0.003 -0.55 0.13 0.000

Group x Block 2.48 2.51 0.322 -3.24 2.55 0.203

Group x Block2 -0.29 1.60 0.857 -4.10 2.31 0.075

Session 2 (vs. 1) x Block 0.68 1.98 0.732 -0.83 2.78 0.765

Session 3 (vs. 1) x Block -1.84 2.47 0.458 -2.40 3.04 0.431

Session 2 (vs. 1) x Block2 -4.70 1.94 0.015 -4.05 2.69 0.132

Session 3 (vs. 1) x Block2 -4.96 2.41 0.040 -5.07 2.95 0.086

Group x Session 2 (vs. 1) x Block -2.21 2.87 0.441 1.69 3.84 0.660

Group x Session 3 (vs. 1) x Block 4.03 3.37 0.231 0.69 4.08 0.866

Group x Session 2 (vs. 1) x Block2 0.42 2.83 0.881 2.60 3.75 0.488

Group x Session 3 (vs. 1) x Block2 1.16 3.29 0.726 7.01 4.02 0.081

Formula: WM-load-level ~ Group * Session * (Block, Block2) + (1|Participant) + (0+Block|Participant)
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171tDCS, stress regulation and working memory

Table S2.2.2. Model output from GLMMs per session with emotional N-Back training performance as 
outcome variable.

Session 1 Session 2 Session 3

Random factors: Variance SD Variance SD Variance SD

Variance of random 
intercept for 
Participant

7.72E-03 8.79E-02 0.17 0.42 0.24 0.49

Variance of random 
slope for Block by 
Participant

4.64E-03 6.81E-02 4.32E-03 6.57E-02 4.86E-03 6.97E-02

Residual 9.70E-02 0.31 8.23E-02 0.29 7.79E-02 0.28

Fixed factors: b SE p b SE p b SE p

(Intercept) 2.08 0.13 <.001 2.97 0.20 <.001 3.42 0.23 <.001

Group 0.23 0.18 .194 6.91E-02 0.28 .803 -0.17 0.32 .603

Block 14.31 1.90 <.001 15.33 1.83 <.001 11.43 1.95 <.001

Block2 -2.68 0.69 <.001 -3.47 0.88 <.001 -4.29 1.14 <.001

Group x Block 1.92 2.58 .457 -4.03 2.45 .100 -3.76E-02 2.66 .989

Group x Block2 -1.93 1.01 .058 -1.45 1.27 .253 -2.80 1.46 .055

Formula: WM-load-level ~ Group * (Block, Block2) + (1|Participant) + (0+Block|Participant)

Table S2.2.3. Estimated marginal means contrasts between tDCS groups (real–sham).

Session Estimated marginal means difference SE p d

1 0.34 0.19 .081 1.05

2 0.17 0.20 .404 0.53

3 -0.11 0.21 .616 0.33

5
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POST-ASSESSMENT EMOTIONAL WORKING MEMORY TEST

Table S2.3.1. Model output from full GLMMs of N-Back test RT and sensitivity (d’).

RT d’

Random factors: Variance SD Variance SD

Variance of random intercept for 
Participant

1101.22 105.36 9.02E-02 0.30

Variance of random slope for Load 
by Participant

986.30 31.41 2.03E-03 4.51E-02

Residual 1.35E-02 0.12 1.98E-03 4.45E-02

Fixed factors: b SE p b SE p

(intercept) 1023.26 99.10 <.001 2.12 0.30 <.001

Train max. -53.83 21.90 .014 0.31 6.55E-02 <.001

Group 9.37 35.52 .792 -0.12 0.13 .366

Load 49.44 7.72 <.001 -0.71 2.68E-02 <.001

Group * Load -10.72 10.25 .296 2.32E-02 3.79E-02 .541

Formulas:
RT ~ Train max. + Group * Session + (1|Participant) + (0+Load|Participant)
d’ ~ Train max. + Group * Session + (1|Participant) + (0+Load|Participant)

NPU-THREAT TEST

NPU-threat test: Testing the threat manipulation.
Tables S.2.4.1. and S2.4.2. show that startle amplitudes and fear ratings were significantly 
higher in the Predictable- and Unpredictable-shock conditions compared to the No-shock 
condition. Startle amplitudes were also significantly higher in the Predictable- compared to 
the Unpredictable-shock condition, while the fear ratings were higher in the Unpredictable-
shock condition (during the ITI context). Moreover, in the Predictable-shock condition, startle 
amplitudes and fear ratings were higher during Cue than during ITI. These effects confirm the 
intended threat manipulations. Moreover, significant negative effects of Sequence and Probe 
number indicate a decrease in threat responding over time, presumably reflecting habituation.
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Table S2.4.1. Model output from full GLMMs testing the threat manipulation on startle amplitudes and 
fear ratings.

Startle amplitudes Fear ratings
Random factors: Variance SD Variance SD
Variance of random intercept for 
Participant

NA 6.62E-04 2.57E-02

Variance of random slope for Probe no. 
by Participant

8.05E-05 8.97E-03 NA

Residual 0.19 0.44 7.50E-02 0.27

Fixed Factors: b SE p b SE p
(intercept) 1.90 3.05E-02 <.001 2.27 2.97E-02 <.001

Probe No. -6.36E-02 7.54E-03 <.001 NA

Sequence -0.38 4.31E-02 <.001 -0.19 4.00E-02 <.001

Condition P (vs. N) 0.85 5.17E-02 <.001 0.93 5.00E-02 <.001

Condition U (vs. N) 0.79 5.10E-02 <.001 1.28 5.40E-02 <.001

Context -4.00E-02 4.31E-02 .354 -2.32E-02 4.00E-02 .561

Probe No. * Sequence 3.90E-02 1.05E-02 <.001 NA

Probe No. * Condition P (vs. N) -9.31E-02 1.22E-02 <.001 NA

Probe No. * Condition U (vs. N) -8.95E-02 1.20E-02 <.001 NA

Sequence * Condition P (vs. N) -0.18 7.31E-02 .014 -3.39E-02 6.91E-02 .623

Sequence * Condition U (vs. N) -4.31E-02 7.22E-02 .551 -6.71E-02 7.41E-02 .365

Probe No. * Context -9.44E-03 1.04E-02 .366 NA

Sequence * Context 2.97E-02 6.10E-02 .627 1.85E-02 5.65E-02 .744

Condition P (vs. N) * Context -0.23 7.31E-02 .001 -0.27 6.91E-02 <.001

Condition U (vs. N) * Context 5.10E-02 7.22E-02 .480 -3.60E-02 7.41E-02 .627

Probe*Sequence*Condition P (vs. N) 1.81E-02 1.72E-02 .292 NA

Probe*Sequence*Condition U (vs. N) -1.52E-02 1.70E-02 .372 NA

Probe*Sequence*Context -4.81E-03 1.48E-02 .745 NA

Probe*Condition P (vs. N)*Context 4.06E-04 1.72E-02 .981 NA

Probe*Condition U (vs. N)*Context 1.33E-04 1.70E-02 .994 NA

Sequence*Condition P (vs. N)*Context -4.02E-02 0.10 .697 -7.71E-02 9.77E-02 .430

Sequence*Condition U (vs. N)*Context -0.13 0.10 .203 1.10E-02 0.11 .916

Probe*Sequence*Condition P (vs. N)* 
Context

2.89E-02 2.43E-02 .235 NA

Probe*Sequence*Condition U (vs. N)* 
Context

2.32E-02 2.40E-02 .334 NA

Formulas:
Startle amplitude ~ Probe no. * Sequence * Condition * Context + (0+Probe no.|Participant)
Fear rating ~ Sequence * Condition * Context + (1| Participant)

5
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Table S2.4.2. Estimated marginal means: contrasts between conditions and contexts.

Contrast conditions Cue ITI
Contrast Sequence Estimated 

marginal 
means 
difference

SE p d Estimated 
marginal 
means 
difference

SE p d

Startle amplitudes
N - P 1 -0.80 5.07E-02 <.001 1.83 -0.41 4.36E-02 <.001 0.93

N - U 1 -0.48 4.71E-02 <.001 1.10 -0.60 4.59E-02 <.001 1.38

P - U 1 0.32 5.55E-02 <.001 0.73 -0.20 5.01E-02 <.001 0.45

N - P 2 -0.57 3.99E-02 <.001 1.31 -0.30 3.47E-02 <.001 0.70

N - U 2 -0.39 3.79E-02 <.001 0.90 -0.42 3.63E-02 <.001 0.96

P - U 2 0.18 4.39E-02 <.001 0.41 -0.11 3.93E-02 .012 0.26

Fear ratings
N - P 1 -1.10 0.11 <.001 4.03 -0.80 9.94E-02 <.001 2.93

N - U 1 -1.35 0.11 <.001 4.94 -1.29 0.11 <.001 4.18

P - U 1 -0.25 0.13 .127 0.91 -0.49 0.12 <.001 1.79

N - P 2 -1.13 9.77E-02 <.001 4.14 -0.68 8.78E-02 <.001 2.47

N - U 2 -1.25 0.10 <.001 4.56 -1.21 9.89E-02 <.001 4.41

P - U 2 -0.12 0.12 .585 0.42 -0.53 0.11 <.001 1.94

Contrast contexts Predictable shock Unpredictable shock
Contrast Sequence Estimated 

marginal 
means 
difference

SE p d Estimated 
marginal 
means 
difference

SE p d

Startle amplitudes
Cue-ITI 1 0.51 5.35E-02 <.001 1.17 4.44E-03 5.21E-02 .932 0.01

Cue-ITI 2 0.36 4.19E-02 <.001 0.82 6.64E-02 4.14E-02 .109 0.15

Fear ratings
Cue-ITI 1 0.35 0.12 .003 1.29 0.11 0.13 .389 0.41

Cue-ITI 2 0.47 0.11 <.001 1.71 5.43E-02 0.12 .645 0.20
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NPU-threat test: Testing effects of Time and tDCS Group.

Table S2.4.3. Model output from full GLMMs testing effects of Time and tDCS Group on startle amplitudes 
and fear ratings.

Startle amplitudes Fear ratings

Random factors: Variance SD Variance SD

Variance of random intercept for 
Participant

NA 6.62E-04 2.57E-02

Variance of random slope of Probe 
no. by Participant

6.93E-04 2.63E-02 NA

Residual 0.19 0.43 7.50E-02 0.27

Fixed factors: b SE p b SE p

(intercept) 2.81 4.36E-02 <.001 3.76 7.14E-02 <.001

Probe no. -0.15 1.13E-02 <.001 NA

Sequence -0.46 6.17E-02 <.001 -0.34 7.34E-02 <.001

Group -4.92E-02 6.16E-02 .424 0.15 0.10 .125

Time -0.13 6.17E-02 .038 -0.53 6.95E-02 <.001

Condition P vs. U -0.19 6.16E-02 <.001 0.18 7.31E-02 .014

Probe no. * Sequence 2.84E-02 1.44E-02 .049 NA

Probe no. * Group 2.83E-02 1.59E-02 .074 NA

Sequence * Group -5.84E-02 8.72E-02 .503 0.18 0.10 .081

Probe no. * Time 6.78E-03 1.44E-02 .638 NA

Sequence * Time 0.11 8.72E-02 .223 0.19 9.65E-02 .045

Group * Time -0.18 8.72E-02 .037 -0.32 9.81E-02 .001

Probe no. * Condition 5.27E-03 1.44E-02 .715 NA

Sequence * Condition 0.13 8.72E-02 .142 -0.14 0.10 .184

Group * Condition 6.40E-04 8.72E-02 .994 -0.12 0.10 .263

Time * Condition -3.83E-02 8.72E-02 .660 -0.11 9.60E-02 .248

Probe no. * Sequence * Group 1.14E-02 2.04E-02 .575 NA

Probe no. * Sequence * Time -1.94E-02 2.04E-02 .342 NA

Probe no. * Group * Time 1.76E-02 2.04E-02 .388 NA

Sequence * Group * Time -1.29E-02 0.12 .917 -8.28E-02 0.14 .544

Probe * Sequence * Condition -1.61E-02 2.04E-02 .430 NA

Probe * Group * Condition -1.48E-02 2.04E-02 .468 NA

Sequence * Group * Condition -5.54E-02 0.12 .653 0.14 0.15 .339

Probe * Time * Condition 1.04E-02 2.04E-02 .609 NA

Sequence * Time * Condition 0.24 0.12 .049 0.14 0.14 .285

Group * Time * Condition -6.41E-03 0.12 .959 8.80E-02 0.14 .517

Probe * Sequence * Group * Time -1.58E-02 2.88E-02 .583 NA

5
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Table S2.4.3. (Continued)

Startle amplitudes Fear ratings

Fixed factors: b SE p b SE p

Probe*Sequence*Group* Condition 2.97E-02 2.88E-02 .303 NA

Probe*Sequence*Time* Condition -5.83E-02 2.88E-02 .043 NA

Probe*Group*Time* Condition 1.21E-02 2.88E-02 .673 NA

Sequence*Group*Time* Condition 3.22E-02 0.17 .854 -0.13 0.19 .505

Probe*Sequence*Group* 
Time*Condition

-3.99E-03 4.08E-02 .922 NA

Formulas:
Startle amplitude ~ Time * Group * Probe no. * Sequence * Condition + (0+Probe no.|Participant)
Fear rating. ~ Time * Group * Sequence * Condition + (1| Participant)

Table S2.4.4. Estimated marginal means contrasts between tDCS groups (real–sham).

Predictable shock Unpredictable shock

Time Sequence

Estimated 
marginal 
means 
difference SE p d

Estimated 
marginal 
means 
difference SE p d

Startle amplitudes

Baseline 1 0.27 0.13 .035 0.61 5.69E-02 0.12 .625 0.13

2 0.27 0.10 .007 0.63 0.17 9.35E-02 .067 0.40

Post 1 8.93E-02 0.12 .464 0.21 -5.09E-02 0.11 .631 0.12

2 -0.13 9.46E-02 .161 0.31 -9.57E-02 8.94E-02 .284 0.22

Fear ratings

Baseline 1 0.25 0.23 .278 1.19 -0.18 0.25 .474 0.85

2 0.42 0.21 .050 1.98 0.38 0.22 .081 1.81

Post 1 -0.30 0.20 .142 1.43 -0.37 0.21 .075 1.77

2 -0.12 0.19 .539 0.57 -0.16 0.20 .426 0.75
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EXPLORATORY ANALYSIS OF PREDICTORS

Table S2.5.1. Model output from full GLMMs of emotional N-Back training performance, including 
predictor Theta/beta Ratio.

Fixed effects b SE p

(Intercept) 1.56 0.14 <.001

Group 0.42 0.20 .034

Session 0.61 0.03 <.001

Block 27.36 3.59 <.001

Block2 0.20 2.39 .934

Theta/beta ratio -0.04 0.16 .802

Group * Session -0.23 0.04 <.001

Group * Block -0.11 4.80 .982

Group * Block2 -6.31 3.37 .061

Session * Block -2.07 1.47 .160

Session * Block2 -2.81 1.37 .040

Theta/beta ratio * Group 0.39 0.20 .055

Theta/beta ratio * Session 0.07 0.03 .035

Theta/beta ratio * Block 5.74 3.72 .123

Theta/beta ratio * Block2 2.90 2.41 .228

Group * Session * Block -1.34 1.93 .489

Group * Session * Block2 1.01 1.85 .587

Group * Session * Theta/beta ratio -0.11 0.04 .013

Group * Block * Theta/beta ratio 2.14 4.70 .649

Group * Block2 * Theta/beta ratio -8.76 3.19 .006

Session * Block * Theta/beta ratio -1.85 1.41 .190

Session * Block2 * Theta/beta ratio -0.30 1.41 .829

Group * Session * Block * Theta/beta ratio -0.90 1.79 .615

Group * Session * Block2 * Theta/beta ratio 2.78 1.77 .117

Formula:
WM-load-level ~ Theta/beta Ratio * Group * Session * (Block, Block2) + (1|Participant) + 
(0+Block|Participant)
Interaction terms of interest (interactions between Group, a time variable like Session or Block, and Theta/
beta Ratio) are printed in bold.

5
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Table S2.5.2. Model output from full GLMMs of emotional N-Back training performance, including 
predictors Education, Age and Start Performance.

Fixed effects b SE p

(Intercept) 1.01 0.29 <.001

Group 0.67 0.42 .113

Session 0.51 0.07 <.001

Block 12.33 8.03 .124

Block2 6.06 5.35 .257

Age -0.02 0.12 .839

Education 0.08 0.09 .351

Start performance 0.18 0.12 .135

Group * Session -0.21 0.10 .043

Group * Block 10.75 11.40 .346

Group * Block2 -2.31 8.44 .784

Session * Block 2.95 3.18 .354

Session * Block2 -5.23 3.07 .088

Group * Education -0.22 0.13 .085

Session * Education 0.05 0.03 .060

Block * Education 5.86 2.81 .037

Block2 * Education -0.55 2.09 .791

Group * Age -0.02 0.17 .900

Session * Age -0.10 0.03 <.001

Block * Age -5.09 3.26 .118

Block2 * Age -1.22 2.16 .574

Group * Start performance 0.33 0.17 .056

Session * Start performance -0.01 0.03 .721

Block * Start performance -1.44 3.52 .682

Block2 * Start performance -6.39 2.53 .012

Group * Session * Block -5.33 4.45 .231

Group * Session * Block2 -1.74 4.57 .704

Group * Session * Education 0.04 0.04 .302

Group * Block * Education -8.86 3.77 .019

Group * Block2 * Education -1.33 2.90 .646

Session * Block * Education -2.51 1.21 .038

Session * Block2 * Education -0.20 1.14 .860

Group * Session * Age -0.04 0.04 .334

Group * Block * Age 6.49 4.91 .186

Group * Block2 * Age 7.88 3.41 .021

Session * Block * Age 2.25 1.31 .085
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Table S2.5.2. (Continued).

Fixed effects b SE p

Session * Block2 * Age 1.91 1.20 .112

Group * Session * Start performance -0.12 0.05 .009

Group * Block * Start performance 12.44 4.97 .012

Group * Block2 * Start performance 0.11 3.71 .977

Session * Block * Start performance 1.33 1.45 .359

Session * Block2 * Start performance 3.07 1.40 .028

Group * Session * Block * Education 4.27 1.56 .006

Group * Session * Block2 * Education 1.15 1.54 .454

Group * Session * Block * Age -5.16 1.91 .007

Group * Session * Block2 * Age -4.97 1.81 .006

Group * Session * Block * Start performance -6.67 2.00 .001

Group * Session * Block2 * Start performance 0.16 1.98 .936

Formula:
WM-load-level ~ Age * Group * Session * (Block, Block2) + Education * Group * Session * (Block, Block2) + 
Start performance * Group * Session * (Block, Block2) + (1|Participant) + (0+Block|Participant)
Interaction terms of interest (interactions between Group, a time variable like Session or Block, and a 
predictor variable) are printed in bold.
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Table S2.5.3. Estimated marginal means of group contrasts (real–sham) per median-split subsample 
per predictor variable.

Below-median subsamples Above-median subsamples

Session Predictor 
variable

Estimated 
marginal mean 
difference

SE p d Estimated 
marginal mean 
difference

SE p d

1 Theta/beta 
Ratio

-0.24 0.28 .402 0.75 0.84 0.28 .002 2.65

Age 0.73 0.20 <.001 2.37 -0.14 0.20 .489 0.44

Education 0.58 0.23 .013 1.76 -0.12 0.31 .691 0.38

Start 
Performance

0.06 0.24 .813 0.18 0.72 0.25 .004 2.28

2 Theta/beta 
Ratio

-0.12 0.30 .693 0.37 0.34 0.29 .237 1.09

Age 0.14 0.31 .663 0.44 -0.04 0.32 .901 0.13

Education 0.36 0.25 .145 1.10 -0.34 0.34 .318 1.04

Start 
Performance

0.05 0.26 .844 0.16 0.27 0.27 .311 0.86

3 Theta/beta 
Ratio

-0.26 0.30 .384 0.84 -0.13 0.30 .661 0.42

Age -0.11 0.34 .749 0.35 -0.32 0.35 .360 1.03

Education 0.02 0.26 .948 0.05 -0.38 0.36 .292 1.15

Start 
Performance

-0.15 0.27 .573 0.47 -0.16 0.28 .558 0.51
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ABSTRACT
Background: Goal-directed behavior and psychological resilience in stressful circumstances 
require high levels of cognitive control. Prior studies have shown beneficial effects of 
transcranial direct current stimulation (tDCS) combined with cognitive training on aspects 
of cognitive control, but the duration and generalization of such effects remain unclear. The 
aim of the present study was to investigate the behavioral and electrophysiological effects 
of multisession tDCS over the dorsolateral prefrontal cortex (DLPFC) combined with working 
memory training on aspects of cognitive control in military personnel.

Methods: In a double-blind between-subjects randomized controlled trial, healthy military 
servicemembers (N=76, 18-60 years) underwent three sessions of real or sham anodal tDCS 
over the right DLPFC (2 mA, 20 minutes) combined with an emotional N-back training. Cognitive 
control was assessed by emotional Go/No-go task performance and self-reported attentional 
control. In addition, electrophysiological correlates of cognitive control were indexed by the 
N2 and P3 waves in Go/No-go task event-related potentials and resting-state frontal alpha 
asymmetry. The outcome variables were assessed within 1-6 days before and after the tDCS-
training intervention.

Results. No significant effects were observed in behavioral or electrophysiological indices of 
cognitive control after the tDCS-working memory training intervention.

Conclusions. Our findings do not support the effectivity of multisession tDCS combined with 
N-back training on cognitive control in healthy military personnel. These results emphasize 
the need to better understand the conditions by which tDCS can sort reliable neuroplastic 
effects on cognitive control circuits.
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INTRODUCTION
For military personnel operating in extreme or threatening environments, ‘keeping a cool 
head’ can be a matter of life and death. Operating in these environments can be challenging 
and stressful, and may negatively impact both operational performance and mental health1–5. 
An essential aspect of psychological resilience in such circumstances is adequately adapting 
to the stressful and changing contexts6. This process involves coordinating and adjusting 
your thoughts and actions in a context-appropriate way to maintain goal-directed behavior, 
and is also referred to as ‘cognitive control’7. Improving cognitive control could thus promote 
psychological resilience in military servicemembers8–10.

Several executive functions play an important role in cognitive control, including working 
memory, attentional control and inhibitory control7. Working memory provides a space in mind 
to maintain task goals and manipulate information to allow for selection of context-appropriate 
actions. Attentional control is needed to regulate attentional focus or shifting between relevant 
information. Inhibitory control is needed to suppress interference of irrelevant information 
and withhold context-inappropriate reactions. Interestingly, these three executive functions 
activate partly overlapping brain regions, in support of a so-called cognitive control brain 
network11. Several of those regions, including the dorsolateral prefrontal cortex (DLPFC) and 
anterior cingulate cortex (ACC), are likewise implicated in processes relevant to psychological 
resilience such as top-down regulation of emotions12. Reinforcing the function of this network 
may provide a way to improve cognitive control.

Hubs of the cognitive control network can be targeted with non-invasive brain stimulation 
techniques such as transcranial direct current stimulation (tDCS)13. With tDCS, a low-intensity 
electrical current (usually 1-2.5 mA) is applied between electrodes on the scalp, which can 
modulate neural excitability in superficial cortical layers14. While the polarity-dependent 
effects of tDCS depend on many factors, cortical excitability is assumed to increased following 
anodal tDCS and decrease following cathodal tDCS15. Meta-analytic evidence from tDCS 
research in healthy volunteers supports that single-session anodal tDCS over the DLPFC can 
improve performance and influence neurophysiological markers of several important aspects 
of working memory, attentional processes and inhibitory control16–19. However, effects of 
single-session tDCS have been shown to fade after several hours20 and effects on cognitive task 
performance are variable21. Multiple (typically 2-10) tDCS sessions combined with cognitive 
training have shown more consistent and longer-lasting benefits on cognitive performance22. 
Interestingly, some studies showed that tDCS-related improvements of cognitive performance 
generalize to other non-trained cognitive functions that presumably depend on shared 
underlying processes23–27.

In a recent study, we applied multisession anodal tDCS over the right DLPFC combined with 
working memory training using an emotional N-Back task with the aim to improve top-down 
regulation of emotion in military personnel. The primary analyses of this study showed that 
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tDCS did not significantly influence emotion regulation, but did seem to accelerate learning 
during the early stages of the emotional N-Back training (see Chapter 5). While the N-back 
task predominantly recruits working memory, the task also activates elements of attentional 
and inhibitory control28,29.

In addition to studying attentional and inhibition aspects of cognitive control, 
electroencephalography (EEG) provides a way to study neural correlates of cognitive control 
processes. For example, the amount of automatic attention and conflict monitoring is 
thought to be reflected in an early negative deflection in the event-related potential (ERP) 
during cognitive task performance, called the N2. Orientation of attention and performance 
monitoring is thought to be reflected in a later positive deflection, called the P330,31. 
Furthermore, meta-analytic evidence supports effects of tDCS to the PFC on resting-state 
functional connectivity32,33. One resting-state EEG readout that has received much interest 
regarding its involvement in PFC activity and in cognitive control of approach and avoidance 
related motivational tendencies is the asymmetry between left versus right PFC activity34. 
Frontal asymmetry is typically based on power in the alpha band (8-12 Hz), which is assumed to 
be inversely related to cortical activity35,36. Frontal activity asymmetry has been hypothesized 
to reflect the balance between approach motivation and inhibitory control of behavior37,38, in 
line with the significant role of the right PFC in inhibitory control39.

The present study tested the hypothesis that the intervention of multisession tDCS to the 
right DLPFC combined with emotional N-Back training in military personnel would improve 
non-trained aspects of cognitive control and underlying neurophysiological mechanisms. 
Specifically, we hypothesized that inhibitory and attentional control performance would 
improve as a function of the real versus sham tDCS-training intervention, reflected by 
better Go/No-go performance and higher attentional self-report scores. Additionally, we 
hypothesized that neural correlates of inhibitory and attentional control as reflected by the 
Go/No-go task associated N2 and P3 ERPs would increase, while the resting-state EEG frontal 
activity asymmetry would decrease.

METHODS

PARTICIPANTS
Active-duty military personnel of 18-60 years of age with uncorrected normal hearing were 
recruiteda. Exclusion criteria were alcohol or drug dependence, psychoactive medication or 
drug use within the past two weeks, (history of) psychiatric or neurological disorder (except 
for ADHD) or serious head trauma, large or ferromagnetic metal parts in the head, implanted 
cardiac pacemaker or neurostimulator, pregnancy, neurostimulation in the past month, 

a. This study was part of a randomized controlled trial that was pre-registered at the Netherlands Trial Register 
(www.trialregister.nl) with ID NL8028.
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and skin damage or diseases at intended electrode sites. The study procedures complied 
with the ethical standards of the relevant national and institutional committees on human 
experimentation and with the Declaration of Helsinki. All participants provided written 
informed consent and received €65 financial compensation for participation. The medical 
ethical committee of the University Medical Center Utrecht approved the study. Demographic 
and psychological characteristics per tDCS group are shown in Table 1.

Table 1: Participant characteristics per group (frequency or mean±standard deviation)

Real tDCS (n=39) Sham tDCS (n=35)

Gender Male:
Female:

37
2

33
2

Age (years) 34.0±10.7 36.1±11.1

Educational levela Highschool diploma
Vocational degree
Associate’s degree
Bachelor’s degree
Master’s degree

2
20
2
6
7

3
21
0
4
7

Number of deployments Never deployed:
1 deployment:
2-3 deployments:
≥4 deployments:

16
6
8
6

11
8
9
7

Rankb Officer:
Student-officer:
Senior NCO:
Junior NCO:

8
3
17
9

6
3
20
6

Handednessc Right-handed:
Left-handed:
No preference:

33
4
0

30
4
1

Attentional Control
ACS scores (rating 1-4)

Focusing:
Shifting:

2.7±0.4
2.8±0.3

2.6±0.5
2.8±0.4

Days between tDCS-training sessions
(total, all sessions)

1 day
2 days
3 days
4 days
5 days
6 days

45 (58%)
12 (15%)
6 (8%)
9 (12%)
3 (4%)
3 (4%)

34 (49%)
8 (11%)
9 (13%)
5 (7%)
10 (14%)
4 (6%)

a: Educational levels were assessed based on the Dutch educational system and for international 
interpretability converted to the best corresponding American degree. b: NCO = non-commissioned 
officer. c: Participants were asked to identify themselves as left-handed, right-handed or no preference. 
ACS: Attentional control scale.

NON-INVASIVE BRAIN STIMULATION AND WORKING MEMORY TRAINING
Participants underwent three tDCS sessions. TDCS was applied with a DC-stimulator Plus 
(NeuroConn GmbH, Ilmenau, Germany) for 20 minutes at an intensity of 2 mA with a 3x3 cm 
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saline-soaked sponge-covered anode placed over EEG position F4 and a 5x7 cm cathode placed 
lateral of C2. Sham tDCS consisted of a 16-second fade-in-fade-out stimulation at the start and 
end of the stimulation period. After the first 10 minutes of tDCS, the emotional N-back training 
started. This task is described in detail elsewhere (see Chapter 5). Briefly, each trial presented 
a visuospatial stimulus (angry faces in a 4x4 grid) and an auditory stimulus (negative-valanced 
word, e.g., “death”, “fear”). Participants indicated whether either or both stimuli matched 
with N trials back. Per session, the N-back training task contained 10 blocks with 20+N trials 
(6 target trials), and lasted for approximately 20 minutes. The level of N was adaptive as the N 
was automatically adjusted to the participant’s response accuracy after each block.

EEG RECORDING
Raw EEG was recorded during the whole session and amplified with a BioSemi ActiveTwo 
system (BioSemi B.V., Amsterdam, the Netherlands) at 2048 Hz, with 32 Ag/AgCl pin electrodes, 
relative to a Common Mode Sense (CMS) active electrode in combination with a Driven Right 
Leg (DRL) passive electrode attached to the scalp. Data from 30 EEG channels (Fp1, Fp2, AF3, 
AF4, F7, F8, F3, F4, Fz, Cz, FC1, FC2, FC5, FC6, C3, C4, CP1, CP2, CP5, CP6, P7, P8, P3, P4, Pz, PO3, 
PO4, O1, O2, Oz) were pre-processed offline with custom Matlab scripts using EEGLAB v2021.040 
and ERPLAB v8.1041. Bad channels were interpolated with spherical interpolation using the 
interp function in EEGLAB. All EEG data were re-referenced to an average reference, down 
sampled to 256 Hz, and bandpass filtered between 0.5–30 Hz (8th order, -48 dB rolloff) infinite 
impulse response (IIR) Butterworth filter. To control for eye movements, electrooculography 
(EOG) was recorded with two active 4 mm flat surface Ag/AgCl electrodes filled with conductive 
gel, placed in the outer canthi of the left and right eye and above and below the left eye to 
record horizontal and vertical eye movements.

GO/NO-GO TASK
Inhibitory control was assessed using a Go/No-go task. Participants were instructed to press 
the spacebar as fast as possible in response to Go-stimuli and withhold their response to No-
go-stimuli. To additionally study the influence of emotional drives on inhibitory control42, Go- 
and No-go stimuli were screen-filled pictures of faces with neutral or angry expressions, and 
presented in equal Go- and No-go-rates (50/50) to facilitate the assessment of threat-related 
impulsivity43. The emotional Go-category alternated between angry and neutral across blocks. 
The task consisted of six blocks (three Angry=Go blocks, three Neutral=Go blocks) with 36 
trials per block. Face stimuli were presented for a maximum of 600 ms or until a response was 
made, alternated by variable 250-350 ms inter-trial intervals. During the baseline assessment 
and post-assessment, a different selection neutral and angry expressions of six female and 
six male faces were used from the Chicago face database44.

Task performance
Go/No-go task performance was operationalized as the median reaction time (RT) on correct-
response Go-trials and the sensitivity (d′ = z1–omission error rate – zcommission error rate), representing the 
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balance between incorrect Go-responses (omission errors) and incorrect No-go-responses 
(commission errors)45.

ERPs
Continuous EEG data recorded during the Go/No-go task were segmented into epochs from 
-200 ms to +950 ms relative to stimulus onset, in order to capture the entire trial duration 
including the inter-trial interval. Epochs were then baseline-corrected to 100 ms before 
stimulus onset. Next, a custom script automatically marked epochs with signal fluctuations 
exceeding a difference of 30 µV between adjacent samples or a difference of 100 µV per 200 ms, 
or when the absolute amplitude of the entire epoch exceeded ±75 µV. After visual inspection, 
marked epochs containing artifacts due to eyeblinks or other artefacts were deleted, due to 
the potential contamination by movements in the average ERP. Incorrect-response trial epochs 
were also deleted. On average, 62±20 of the 216 epochs were deleted (29%) per individual 
recording. EEG datasets with less than 20 trials per condition were excluded from ERP analysis. 
Average ERPs were created across epochs per condition Individual N2 and P3 peak amplitudes 
were determined between 200-400 ms (N2) and 350–700 ms (P3) post-stimulus onset. Onset 
latencies were defined as the timepoint of reaching 50% of the peak amplitude46. Based on 
previous research of the topological scalp distribution of the N2 and P3 waves30,31), the N2 wave 
was averaged over channels Fz, Cz, FC1 and FC2, and the P3 wave was averaged over channels 
Cz, Fc1, FC2, CP1 and CP2, see also Figure 3.

ATTENTIONAL CONTROL SCALE
Attentional control was assessed by self-report on the Attentional Control Scale47. The 
Attentional control scale measures the ability to voluntarily focus attention (Focusing subscale) 
and to shift attention between tasks (Shifting subscale), and has been shown to correlate 
with other self-report or task-based measures of cognitive control48. In item 12, ‘attention 
during lectures’ was adapted to ‘attention during lessons’ to better fit the context of military 
personnel.

RESTING-STATE EEG
A 4-minute resting-state EEG was recorded at the start of the baseline and post-assessment 
visits. All participants received the same instruction to sit relaxed, focus on the screen (when 
eyes open), not to think of anything in particular, and not fall asleep. Eyes were alternatingly 
opened or closed for 1 minute. The cue to close or open the eyes was indicated by a beep 
sound. Experimenters left the room during the resting-state EEG recording.

Continuous data were segmented in 1-sec epochs. Eye blinks were identified based on the ICA 
function in EEGlab, and ICA components showing the eye blinks were removed from the data. 
Epochs were automatically marked when fluctuations in the signal exceeded a 30 µV difference 
between adjacent samples or a 100 µV difference per 200 ms signal, or when the absolute 
amplitude exceeded ±75 µV. After visual inspection, marked epochs containing artifacts due 
to, e.g., movement or facial muscle contractions were deleted. A fast Fourier transform (FFT) 
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was applied to data in each epoch using Welch’s method, with a Hanning taper, 50% overlap, 
and a 0.25 Hz resolution. The power spectral density (µV2/Hz) was averaged over epochs and 
log-transformed. Average power from the alpha (8-12 Hz) band was extracted.

Frontal alpha asymmetry scores were based on the left and right frontal electrodes F3 and 
F4, and calculated as: (alpha power F4 – alpha power F3)/(alpha power F4 + alpha power 
F3) following49,50. Because the alpha asymmetry values did not significantly differ between 
the eyes-open and eyes-closed conditions (t(71)=1.02, p=.310), data were collapsed across 
conditions.

PROCEDURE
The study took place at several military bases in the Netherlands. Individuals were screened by 
phone, and invited for study participation when meeting the eligibility criteria. At the start of 
the baseline assessment, participants provided written informed consent and were randomly 
allocated to real or sham tDCS (1:1) based on a computer-randomized list of 40 stimulator-
activating codes. The study was carried out in a double-blind fashion, i.e., code-to-condition 
correspondence was blind to participants and experimenters during the study. Participant 
blinding success was not formally tested. Previous evidence suggests that individuals who 
are novel to tDCS cannot accurately determine whether they received sham or real tDCS51 
(but see:52,53). Participants and experimenters were deblinded for tDCS condition after data 
collection was completed. The a priori computed sample size of this trial was based on the 
primary hypothesis regarding emotion regulation (anticipated effect size of d=0.73, see 
chapter 5). With the final sample size of this trial, the present study achieved statistical power 
of β=0.94 to detect large effects (d=0.8), β=0.59 to detect medium effects (d=0.5), and β=0.15 
to detect small effects (d=0.2) in two-sided tests with a 0.05 significance level.

Figure 1 depicts an overview of the study visits. Within six days before the first and after the last 
tDCS-training session, the baseline and post-assessment were carried out that included the 
emotional Go/No-go task and EEG recordings. The ACS was included in a set of questionnaires 
that was completed afterwards online. All sessions took place during participants’ working 
hours between 6am and 9pm (depending on working shift).

Resting-state EEG

Go/No-go task

Attentional 
control scale
(Online questionnaires)

Resting-state EEG

Go/No-go

tDCS +
training
(N-back task)

tDCS +
training

tDCS +
training

1 2 3

Baseline assessment tDCS-training intervention Post-assessment

1-6 days 1-6 days 1-6 days 1-6 days

Attentional 
control scale
(Online questionnaires)

Figure 1. Overview of the tDCS-training intervention and outcome assessments of the present study. The 
combined tDCS-training sessions are shortly discussed in the Introduction, and in more detail reported 
elsewhere (see Chapter 5).
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STATISTICAL ANALYSIS
Effects of real versus sham tDCS were analyzed in generalized linear mixed models (GLMM) 
based on a Gamma distribution using the “lme4” package54 in R. Within-subject outliers in the 
dependent variables were excluded from analysis (>2.5 standard deviations from the mean. On 
average, 1.5% of Go/No-go trials in task performance data and 1.7% of Go/No-go epochs in EEG 
data was excluded per participant. All outcome variables were analyzed as a function of the 
fixed factors Time (baseline, post-assessment) and Group (real tDCS, sham tDCS), and a random 
intercept for Participant. For emotional Go/No-go task performance and the ERP analyses, an 
additional fixed effect for Emotion was added (Go-instruction: Angry=Go vs. Neutral=Go). For 
the ACS scores, an additional fixed effect for Subscale was added (Focusing vs. Shifting). To 
control for the influence of age, all models were repeated with Age as an additional fixed factor. 
Considering the four different outcome domains, effects with a Bonferroni-corrected p<.0125 
(two-tailed) were considered statistically significant. Interaction effects were followed-up by 
post-hoc comparisons of the estimated marginal means using the “emmeans” package in R55.

RESULTS
TDCS was well tolerated by the participants and no significant differences in tDCS-related 
side-effects or fluctuations in emotional state during tDCS were observed between the real 
tDCS group and sham tDCS group (p’s>.145). A full overview of the tDCS side effects is reported 
in Chapter 5.

EMOTIONAL GO/NO-GO TASK

Task performance
No significant Group×Time interaction effects were observed (p’s>.25), see Figure 2. Table S1 
reports the full outcomes of this analysis.

Other significant effects were found for the main effects of Time and Emotion (p’s<.004), 
indicating performance improvements (faster RT and higher d’) from baseline to post-
assessment and from the Neutral=Go condition to the Angry=Go condition. No other main or 
interaction effects were statistically significant.

In summary, these results demonstrate significant practice effects and successful manipulation 
of task performance by emotional condition, but show no significant effect of the tDCS-training 
intervention.

ERPs
Six participants were excluded from ERP analyses due to failing EEG equipment (n=3) or 
excessive eye blink artefacts (n=3). In the final sample of n=68 (39/29 real/sham tDCS), no 
significant Group×Time interaction effects were observed (p’s>.26), see Figure 2. Table S2 
reports the full outcomes of this analysis.
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Other significant effects were found for the main effect of Time on the N2 amplitude (b(SE)= 
-0.50(0.15), p=.001), showing that the N2 amplitude significantly increased from baseline 
to post-assessment (p<.001). In addition, significant interactions between Group×Emotion 
and Group×Go/No-go×Emotion (Group×Emotion: b(SE)= 0.42(0.19), p=.029; Group×Go/No-
go×Emotion: b(SE)= -0.67(0.28), p=.016) indicated that the No-go N2 amplitude was reduced 
for angry versus neutral faces, but only in the sham group (contrast for No-go-N2: p=.029, 
Go-N2: p=.337), not in the real tDCS group (contrast for No-go-N2: p=.767, Go-N2: p=.070). In 
addition, the P3 latency showed a significant main effect of Go/No-go (b(SE)= -47.45(14.40), 
p=.001) and a significant Go/No-go×Emotion interaction (b(SE)= 39.54(19.50), p=.043), showing 
that the Go-P3 onset was delayed compared to the No-go P3 onset. This contrast was only 
significant for neutral face stimuli (p<.001), not for angry face stimuli (p=0.312). No other main 
or interaction effects were statistically significant.

In summary, these results show successful manipulation of the ERPs by emotion and Go/No-go 
condition, but no significant effects of the tDCS-training intervention.

RESTING-STATE EEG FRONTAL ALPHA ASYMMETRY
For frontal alpha asymmetry, no significant GroupxTime interaction effects were observed 
(before controlling for Age: GroupxTime p=.036; after controlling for Age, p’s>.16), see Figure 3. 
Table S3 reports the full outcomes of this analysis. No other significant effects were observed. 
Together these results show no significant effects of the tDCS-training intervention on the 
resting-state EEG readouts.

ATTENTIONAL CONTROL SCALE
No significant Group×Time interaction effects or other effects were observed (p’s>.46), 
indicating no significant effects of the tDCS-training intervention on the ACS scores, see Figure 
3. Table S4 reports the full outcomes of this analysis.

All results reported above are based on analyses without the effect of Age. Unless otherwise 
reported, adding Age did not significantly change the results.
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Figure 2. A) Mean values and standard error of emotional Go/No-go task performance in reaction time 
(RT) and sensitivity (d’) per group and timepoint. Error bars represent the standard error. B) Go/No-go 
task ERPs per group and the distribution of the N2 and P3 ERPs over the scalp electrodes. Stimulus onset 
at time = 0 ms. Plotted ERPs are the average over channels Fz, Cz, FC1, FC2, CP1, CP2. Plotted distributions 
reflect the change in voltage relative to ERP onset. The GLMM-estimated effects of interest are depicted 
with standard error. Bars represent the absolute size of the estimated effect (b), with grey-colored bars 
for negative values.
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Figure 3. A) Topoplots represent average resting-state alpha power distributions for the eyes open and 
eyes closed condition. Frontal alpha asymmetry was based on the ratio between resting-state alpha 
power in the channels F3 and F4, marked in red. The graph represents the mean values of the frontal 
alpha asymmetry values with standard error per group and timepoint (across eyes open and eyes closed 
condition). B) Mean ACS subscale scores with standard error per group and timepoint. n.s. = not signif-
icant. The GLMM-estimated effects of interest with standard error. Bars represent the absolute size of 
the estimated effect (b), with grey-colored bars for negative values.

DISCUSSION
The present study tested effects of three sessions of anodal tDCS over the right DLPFC at 
2 mA combined with emotional N-Back training in healthy military personnel. Results did 
not support the hypothesis that the real versus sham tDCS-training intervention improved 
Go/No-go task performance or changed associated ERPs, increased attentional control self-
report scores or attenuated resting-state EEG frontal alpha asymmetry. Below we discuss four 
potential reasons for our null findings to consider in future tDCS research of cognitive control. 
These include the scope of outcome assessments, generalization and duration of tDCS-effects, 
the tDCS-target region and trait- and state-dependency of tDCS outcomes.

First, the outcome measures of the present study may not have been sensitive to the effects 
of the tDCS-training intervention. For example, on one hand, previous tDCS-cognitive training 
interventions have shown significant effects of tDCS already within one or several days after 
the intervention25,56–59, also on the level of resting-state EEG frontal alpha asymmetry82. On 
the other hand, the resting-state frontal symmetry may reflect relatively stable trait-like 
mechanisms34. In contrast to trait frontal alpha asymmetry (recorded by resting-state), state 
frontal alpha asymmetry (recorded while an emotional state is induced) might be more 
sensitive to changes in cognitive control of emotional processes60. Also, resting-state EEG 
band power was not found to be sensitive to tDCS, at least not based on single-session tDCS 
studies32. These findings suggest that resting-state frontal alpha asymmetry might have 
limited sensitivity to the effects of this tDCS-training intervention. Furthermore, according 
to the activity-selectivity hypothesis61, effects of tDCS selectively influence neural activity 
that is ongoing during stimulation, suggesting that the effects of tDCS during cognitive 
training may remain task- or domain-specific. If so, Go/No-go task measures in the domain 
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of inhibitory control may also not have been sensitive to the effects of tDCS during working 
memory training. This would be in line with the results of two previous studies where tDCS 
was ombined with working memory training: significant transfer effects of the tDCS-training 
intervention were found on attentional or working memory task performance, but not on Go/
No-go task performance26,62. Taken together, the lack of significant effects in the present study 
may partly be explained by the limited sensitivity of the outcome measures to short-lasting, 
domain-specific effects of the tDCS-training intervention.

Second, the occurrence of generalized, longer-lasting effects of tDCS may depend on critical 
factors that were lacking in the present study. Although tDCS in this study showed very limited 
effects on training performance and only accelerated early-stage learning in a trait-dependent 
fashion (see Chapter 5), prior findings suggest that tDCS-cognitive training interventions may 
have longer-lasting effects on non-trained cognitive processes even in the absence of consistent 
tDCS-effects on training performance. For example, in several studies of tDCS combined with 
working memory or decision-making training27,58,63, tDCS showed little or no effects during 
cognitive training sessions, but did show significant effects on post-intervention trained and non-
trained task performance. However, while potential ceiling effects during cognitive training may 
be involved in the lack of tDCS-effects during training, it remains incompletely understood how 
tDCS could induce longer-term effects in the absence of short-term effects. It is not unlikely that 
the lack of tDCS-effects on the non-trained cognitive outcomes in this study reflect that tDCS-
effects only generalize to non-trained cognitive processes when the trained cognitive process 
is effectively modulated. Furthermore, inter-session interval may play a role in the neuroplastic 
changes that underlie the longer-lasting and transfer effects of tDCS. In the present study, up to 
six days were allowed between sessions. As a result, almost half of the tDCS-training sessions 
were separated by more than one day. While some previous studies also allowed more than 
one day between sessions and still showed significant longer-lasting effects of tDCS-training 
interventions23,26,59,64, there is evidence suggesting that the neuroplastic effects of (stand-alone) 
multisession tDCS interventions require no more than 24 hours between sessions65–67. Hence, 
generalization of effects and longer-lasting effects of tDCS may require both significant tDCS-
effects on the trained function and shorter intervals between tDCS-training sessions.

Third, regarding the stimulation site, results are mixed with respect to the most effective PFC 
target region to modulate cognitive control. For instance, whereas the right DLPFC has been 
shown to be an effective target region to modulate inhibitory control during Go/No-go task 
performance in a number of multisession tDCS-training interventions25,63,68, a meta-analysis of 
single-session tDCS-effects on inhibitory control only supported the effectivity of tDCS over the 
right inferior frontal gyrus and not of tDCS over the right DLPFC18. On the other hand, a recent 
multisession tDCS-cognitive training intervention targeting the right inferior frontal gyrus also 
showed no significant effects on inhibitory control69,70. These seemingly contradictory results 
are illustrative for mixed findings regarding electrode placement and other tDCS parameters to 
effectively influence cognitive processes21. Alternative target regions beyond the PFC possibly 
provide a more effective entrance for modulation of the cognitive control network with tDCS. 
For instance, the posterior lobes of the cerebellum are strongly connected to the PFC and have 
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been implicated in learning as well as cognitive control processes71. Initial evidence supports 
that tDCS over the cerebellum could have beneficial effects on cognitive control functions like 
attention and working memory71.

Fourth, inter-individual variability in tDCS-response may have obscured tDCS-effects on 
the group-level. Individual differences were only accounted for in the present analyses by 
including age as a potential moderator, according to previous findings of age-dependent tDCS-
effects72-74. Still, many other state and trait factors have been suggested to influence tDCS-
response75–77. To gain further insight in the state-dependency of tDCS-effects, future studies 
are needed to systematically vary certain physiological or psychological states that appear 
to have a significant impact on tDCS outcomes, such as reward motivation78, physiological 
arousal79 and caffeine consumption75,80.

LIMITATIONS
Several factors in our study may limit the generalizability of the present findings. First of all, our 
results are based on a sample of military personnel, in contrast to the student samples typically 
used in tDCS research. Military servicemembers form a population that may particularly benefit 
from cognitive control interventions considering the high cognitive and emotional demands of 
military operational contexts. On the other hand, military personnel may therefore already have 
relatively high cognitive control capacities, possibly leading to ceiling effects on the cognitive 
control-related outcome measures of the present study. The comparability and generalization 
of our results to other research findings and populations may therefore be limited. Moreover, 
the present study achieved sufficient statistical power to detect medium-to-large effect sizes 
(d=0.7 or higher). While such effects were hypothesized in this combination of multisession tDCS 
and cognitive training, estimated effect sizes of single-session tDCS in the domain of executive 
functions are typically in the small-to-medium range17,81. Our sample size may thus have been 
insufficient to detect group-level effects on the assessed outcome measures.

Taken together, evidence in favor of the effectivity of combined tDCS-training to enhance 
cognitive control processes is complemented by studies showing null results. Our results 
conform with the latter and thereby contribute to the mixed literature of cognitive benefits 
of multisession tDCS over the PFC. This may indicate that the standard range of parameters 
in tDCS-cognitive training may not be effective to induce significant neuroplastic changes in 
cognitive control networks, at least not in populations like military servicemembers.

CONCLUSION
In conclusion, the present study found no evidence for changes in inhibitory and attentional 
control or their neural correlates in EEG activity after three sessions of anodal tDCS over the 
right DLPFC combined with emotional N-Back training in military personnel. These results 
indicate that the durability and generalizability of effects on cognitive control of tDCS-training 
interventions, with parameters as applied here, may be limited.
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APPENDIX

Table S1. Outcomes of full GLMM analyzing Go/No-go task performance.

RT d’

Variance SD Variance SD

Random 
effects

Variance of random intercept 
for Participant

582.40 24.13 0.19 0.43

Residual 2.71E-03 5.20E-02 0.08 0.28

b SE p b SE p

Fixed 
effects

(Intercept) 501.40 8.99 <.001 1.62 0.14 <.001

Group -1.82 12.29 .882 0.09 0.18 .616

Emotion -21.78 5.05 <.001 1.03 0.11 <.001

Time -14.71 5.09 .004 0.28 0.08 <.001

Group * Emotion -5.64 6.90 .413 0.09 0.15 .545

Group * Time 7.17 7.06 .310 -0.13 0.11 .253

Emotion * Time -4.82 7.03 .493 0.17 0.17 .304

Group * Emotion * Time -0.35 9.70 .971 -0.18 0.23 .445

Table S2. Outcomes of full GLMM analyzing Go/No-go task ERPs.

Amplitude Latency

N2 Variance SD Variance SD

Random
effects

Variance of random 
intercept for Participant

0.45 0.67 157.05 12.53

Residual 4.7E-05 6.9E-03 1.7E-03 4.1E-02

b SE p b SE p

Fixed 
effects

(Intercept) 97.86 0.34 <.001 359.86 5.98 <.001

Group 0.39 0.45 .377 -6.57 7.96 .409

Emotion -0.14 0.15 .353 -0.15 3.38 .963

Go/No-go -0.16 0.15 .273 0.88 3.41 .796

Time -0.50 0.15 .001 -1.67 3.41 .625

Group * Emotion 0.42 0.19 .029 -3.94 4.40 .370

Group * Go/No-go 0.38 0.20 .053 -2.68 4.44 .546

Emotion * Go/No-go 0.33 0.21 .109 1.18 4.80 .806

Group * Time 0.22 0.20 .267 0.89 4.43 .840

Emotion * Time 0.07 0.21 .733 -2.25 4.81 .639

Go/No-go * Time -0.06 0.21 .791 -3.03 4.82 .529
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Table S2. (Continued)

Amplitude Latency

b SE p b SE p

Group * Emotion * Go/
No-go

-0.67 0.28 .016 4.26 6.24 .495

Group * Emotion * Time -0.31 0.28 .267 0.84 6.24 .893

Group * Go/No-go * Time -0.29 0.28 .296 3.96 6.28 .528

Emotion * Go/No-go * Time 0.01 0.30 .969 3.50 6.79 .606

Group * Emotion * Go/
No-go * Time

0.37 0.39 .346 -4.70 8.81 .594

P3 Variance SD Variance SD

Random 
effects

Variance of random 
intercept for Participant

0.24 0.49 650.04 25.50

Residual 3.0E-05 5.5E-03 6.4E-03 8.0E-02

b SE p b SE p

Fixed
effects

(Intercept) 99.83 0.24 <.001 589.78 14.62 <.001

Group 0.41 0.31 .194 -16.85 20.41 .409

Emotion 0.12 0.12 .309 -10.63 13.89 .444

Go/No-go 0.18 0.12 .143 -47.45 14.40 .001

Time 0.18 0.12 .142 -2.46 15.83 .876

Group * Emotion 0.24 0.16 .139 -8.05 19.53 .680

Group * Go/No-go 0.05 0.16 .746 20.79 19.33 .282

Emotion * Go/No-go -0.09 0.17 .617 39.54 19.50 .043

Group * Time -0.02 0.16 .910 4.53 22.35 .839

Emotion * Time -0.04 0.17 .832 -28.30 19.98 .157

Go/No-go * Time -0.10 0.17 .551 -10.62 22.08 .631

Group * Emotion * Go/
No-go

-0.31 0.23 .184 -4.49 27.05 .868

Group * Emotion * Time -0.27 0.23 .242 18.08 29.65 .542

Group * Go/No-go * Time -0.23 0.23 .314 5.62 30.83 .855

Emotion * Go/No-go * Time 0.08 0.25 .758 30.79 27.62 .265

Group * Emotion * Go/
No-go * Time

0.33 0.33 .310 -24.68 40.75 .545
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Table S3. Outcomes of full GLMM analyzing resting-state EEG frontal alpha asymmetry.

Variance SD
Random Variance of random intercept for Participant 1.5E-03 3.9E-02
effects Residual 2.5E-05 5.0E-03

b SE p
Fixed 
effects

(Intercept) 10.00 1.3E-02 <.001

Group -1.2E-02 1.8E-02 .496

Time -1.4E-02 1.1E-02 .214

Group * Time 3.2E-02 1.5E-02 .036

Table S4. Outcomes of full GLMM analyzing ACS subscales.

Variance SD
Random Variance of random intercept for Participant 0.06 0.25
effects Residual 0.01 0.10

b SE p
Fixed 
effects

(Intercept) 2.79 0.08 <.001

Group 0.08 0.11 .506

Time -0.02 0.04 .518

Subscale 0.12 0.04 .001

Group * Time 0.04 0.05 .464

Group * Subscale -0.02 0.05 .726

Time * Subscale 0.02 0.05 .755

Group * Time * Subscale -0.02 0.07 .830
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SUMMARY
Chapter 2 described a systematic review and meta-analysis on the effects of single-session 
rTMS and tDCS of the prefrontal cortex on emotional stress reactivity in healthy volunteers. 
The overall evidence supported a significant effect of anodal tDCS on downregulating 
emotional reactivity, with an effect size of Hedges’ g = -0.16 (CI95% = [-0.33, 0.00]). This indicated 
that anodal tDCS of the prefrontal cortex can affect stress-related emotional processes, 
and thereby supported the feasibility to evaluate its effect in a clinical study. However, the 
effect of tDCS varied substantially between studies. The relatively low sample sizes of most 
studies, compared to the overall small effect size and outcome variability of tDCS-effects, 
indicated that well-powered tDCS studies were necessary. In addition, some single study 
outcomes suggested that the positive effect of tDCS on emotional reactivity was stronger 
when tDCS was combined with a task that activated emotion regulation processes. Following 
these observations, the effects of anodal tDCS of the prefrontal cortex were tested in two 
randomized controlled trials (RCTs).

The first RCT (Chapter 3 and 4) was based on the idea that inhibitory control plays a facilitating 
role in the recovery from symptoms of PTSD, anxiety and aggression regulation problems. Five 
sessions of anodal tDCS over the right inferior frontal gyrus were combined with computerized 
inhibitory control training. The effectivity of this intervention was tested in a large military 
patient sample (n=100). The RCT results were presented in Chapter 3. No evidence was found 
for the effectivity of the real versus sham tDCS-training intervention on inhibitory control 
performance or on stress-related symptoms. More specifically, real versus sham tDCS showed 
no significant immediate effect on inhibitory control training performance (stop-signal task), 
and no significant longer-lasting transfer effects on post-intervention inhibitory control 
(emotional Go/No-go task and the implicit associated test). Also on the clinical level, real versus 
sham tDCS showed no significant effect on PTSD, anxiety or aggression symptoms immediately 
following the intervention, after three months or after one year. Possible explanations for 
the lack of significant tDCS-effects could have been the easy and repetitive nature of the 
training task, which could have prevented sufficient induction of learning and associated 
synaptic plasticity during tDCS. In combination with a relatively low current intensity of 1.25 
mA, the tDCS protocol may have been suboptimal to modulate cortical excitability in the 
target region. Regarding the acceptability of tDCS (Chapter 4), military patients and caregivers 
overall found tDCS a tolerable and acceptable treatment tool for stress-related disorders. The 
potential to combine psychotherapeutic with brain-based neurobiological treatment methods 
was viewed as the main positive aspect of tDCS, that is, tDCS as an add-on intervention. 
Anticipated hurdles in the practical implementation of tDCS were related to travelling for 
frequent treatment sessions, which shows the relevance of scalable techniques like tDCS that 
allow for home-based solutions.

In the second RCT (Chapter 5 and 6), the tDCS current intensity was increased to 2.0 mA and 
a different electrode montage was used in combination with a different and more difficult 
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cognitive training on a working memory task. Additionally, emotional and stress-related 
components were incorporated into the training task to better engage stress regulation 
pathways. EEG recordings were also included to allow studying effects of tDCS on the level 
of brain activity. The aim of this study was to investigate the potential of tDCS to increase 
stress-related psychological resilience. Anodal tDCS of the dorsolateral prefrontal cortex 
was hypothesized to enhance emotional working memory capacity and thereby facilitate 
top-down stress regulation. This hypothesis was tested in a large sample of healthy military 
personnel (n=79). Three sessions with anodal tDCS of the right dorsolateral prefrontal cortex 
were combined with emotional working memory training. Results showed no group-level 
evidence for the effectivity of the real versus sham tDCS-training intervention on the assessed 
outcome variables. More specifically, no significant tDCS group differences appeared in 
emotional working memory performance or threat-related responses (Chapter 5). Likewise, 
no significant tDCS group differences appeared in inhibitory control and attentional control, 
based on pre-to-post intervention task performance, self-report and electrophysiological 
measures (Go/No-go task event-related potentials and resting-state frontal alpha asymmetry) 
(Chapter 6). Interestingly, however, exploratory analyses in Chapter 5 did reveal a short-
lasting, trait-dependent effect of tDCS during the first tDCS-training session. That is, during 
the first session, real versus sham tDCS significantly enhanced emotional working memory 
training performance depending on individual characteristics like younger age and a higher 
EEG theta/beta power ratio.

The main question central to this thesis was: Can treatment and resilience for stress-related 
mental health symptoms in the military be improved by boosting prefrontal cortex functions 
using tDCS?’. Overall, no evidence was found for clinical utility in military personnel of the 
tDCS interventions as described in the present work. These somewhat disappointing findings 
motivate to critically evaluate our tDCS approach and study designs, and to consider more 
fruitful ways to investigate the clinical utility of non-invasive brain stimulation in the context 
of stress-related mental health.
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CRITICAL EVALUATION
The studies presented in this thesis had several methodological strength and shortcomings, 
as summarized in Box 7.1, that together shape the conditions of generalizability of our 
results to other populations and other study set-ups. One aspect of methodological strength 
incorporated in the design of the two experimental studies (described in Chapters 3 and 5) 
concerns the conceptual replication of previously shown effects of anodal tDCS over the right 
lateral prefrontal cortex (PFC) on cognitive training performance, in larger samples. However, 
by showing largely non-significant effects of tDCS, our results raise questions on the effectivity 
of the overall tDCS approach adopted in this thesis. As the methodological considerations of 
each study are discussed in the respective chapters, this chapter aims to take on a bird’s eye 
view and consider the present work from a broader perspective. The clinical potential of tDCS 
in the domain of stress-related cognition and emotion is evaluated by two questions. First, 
what are the drawbacks from our approach considering the focus on cognitive training and 
anodal stimulation of the PFC? Second, does the limited mechanistic understanding of tDCS 
at present permit conclusions on its (clinical) effectivity?

Box 7.1 Main methodological strengths and limitations

Strengths:
• Multiple measurement levels: Outcome measurements spanned multiple levels, 

including neurophysiology (e.g., startle reflex and EEG), behavior (e.g., cognitive tasks), 
phenomenology (e.g., self-reports on emotional state) and symptomatology.

• Reliability of results: Results are derived from theory-driven study designs with large 
sample sizes and meta-analytic and randomized controlled trial methods.

• Clinical relevance: Laboratory-based tDCS research was translated to a relevant 
population with a transdiagnostic range of stress-related symptoms and cognitive 
capacities.

Limitations:
• Generalizability of results: Potentially suboptimal tDCS parameters, such as the number 

and spacing of tDCS sessions, may limit the generalizability of results to other tDCS 
protocols.

• Sensitivity of outcome measures: Signs of ceiling and floor effects in some of the outcome 
measures, such as the cognitive training and stress regulation test, may have hindered 
the manifestation of tDCS-effects on these outcome measures.

DRAWBACKS OF FOCUSING ON COGNITIVE TRAINING AND THE 
PREFRONTAL CORTEX
There is substantial evidence supporting a relationship of adaptive stress regulation with 
activity in right lateral PFC regions and with higher-order cognitive functions such as working 
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memory1,2. This led to the working model central to this thesis that stress regulation could be 
improved by facilitating activity in this region using tDCS. In addition, following the activity-
selective hypothesis3 as discussed in the introduction (Chapter 1), it was assumed that tDCS 
effectivity would be higher and more specific to a cognitive process of interest when tDCS was 
combined with a cognitive training task. Below, we comment upon three major challenges of 
this working model with respect to cognitive training paradigms, the complex dynamics of 
PFC activity, and the translation from brain activity measures to brain stimulation protocols.

1. Limitations of cognitive training
TDCS was combined with cognitive training to activate and promote plasticity in the associated 
neural networks. Cognitive training without tDCS has been shown to beneficially influence 
cognitive functioning. For example, cognitive training during neurorehabilitation can help 
to restore some of the specific cognitive deficits associated with neurological conditions 
such as stroke4. Cognitive training has also been suggested to enhance general higher-order 
cognitive functioning in healthy populations, including emotion regulation5,6. However, 
meta-analytic evidence raises questions on the overall effectivity of such computerized 
cognitive training programs in healthy populations7,8 and in populations with mild cognitive 
impairments9. Cognitive training in these populations has not consistently been shown to 
improve cognitive performance beyond the task that is being trained7,8 or to yield significantly 
different effects than active control interventions (e.g., unstructured conversation sessions)9. 
The main limitation of stand-alone cognitive training interventions is the lack of generalization 
of performance improvements to non-trained cognitive skills in other contexts.

Yet, the working model of this thesis relied on the assumption that effects of tDCS on inhibitory 
control or working memory performance would generalize to the function of downregulating 
stress reactions. However, it could be that combining tDCS with cognitive training merely 
facilitates the effect of cognitive training itself. This would imply that no generalization effect 
could be expected. If so, functions like emotion regulation might be better facilitated by 
directly combining tDCS with emotion regulation exercises rather than combining tDCS with 
the computerized cognitive training as used in the studies of this thesis.

2. Prefrontal cortex activity in a complex dynamic system
In this thesis, upregulating excitability in the PFC was proposed to facilitate the cognitive 
flexibility that is needed for effective top-down stress regulation. However, aiming to 
upregulate excitability in PFC regions is not always an appropriate method to target 
pathological anxiety or prevent stress-related impairments of cognitive flexibility. For 
example, the PFC is not only involved in top-down regulation of anxiety, but also in top-down 
expression of anxiety such as avoidance behavior and the experience of negative emotions10. 
In pathological anxiety, increased PFC activity has been implicated in maladaptive forms 
of emotion regulation, including over-evaluating potential threats and excessive worry11,12. 
Increasing neural excitability in the PFC could therefore in some cases also have the opposite 
effect on stress reactivity, as is for example illustrated by the TMS study of Balderston and 
coworkers that resulted in enhanced threat responses, see Box 7.2.

7
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Moreover, the Introduction (Chapter 1) shortly discussed the disruption of PFC functioning 
during extreme stress. This disruption could imply that the advantage of upregulating PFC 
excitability may be abolished when the same PFC regions get deactivated or disconnected 
from other regions in their neural network under the influence of severe stress13–15. In fact, 
the disruption of higher-order cognition during severe stress is one of the reasons why it is 
common military practice to train ‘skills and drills’ so extensively that the most essential 
actions become automated16. Hence, in very stressful situations, modulating excitability of 
the stress-sensitive PFC regions may not be an effective to maintain cognitive flexibility during 
operational performance.

Box 7.2. An example of increasing anxiety with prefrontal stimulation

Balderston and coworkers have performed a series of studies on the neural mechanisms 
underlying anxiety. They used the NPU threat-of-shock test (see also Chapter 5) and found 
that participants who were more anxious during threat-of-shock showed significantly 
lower right DLPFC activity during threat-of-shock98. This led to the hypothesis that lower 
threat-related right DLPFC activity underlies reduced top-down regulation of anxiety-
like symptoms. Balderston et al. then performed another study testing this hypothesis 
by applying 10 Hz (excitatory) repetitive TMS over the right DLPFC99. Contrary to their 
hypothesis, however, results showed that TMS increased anxious responses to threat-of-
shock. The authors pointed out that the association between right PFC activity and vigilant 
attention10 may explain why TMS facilitated the increase in anxious arousal.

3. The linear translation of brain activity to tDCS protocols
The rationale behind anodal tDCS is often to enhance neural excitability of superficial 
cortical areas, with study designs that are largely based on findings from functional magnetic 
resonance imaging (fMRI) studies. For example, veterans with PTSD showed hypoactivity in 
the right inferior frontal gyrus in a previous fMRI study17, driving the choice to apply anodal 
tDCS over this area (Chapter 3). The working model of this approach is somewhat simplified 
and does not specifically take into account that PFC activity reflects complex interactions 
with almost all other parts of the brain18, and that fMRI-based changes in local blood flow 
are non-linearly related to local neural activity19. These complex interactions and non-linear 
relations imply that upregulating activity in a brain region based on fMRI-derived hypoactivity 
does not necessarily augment the associated behavioral or clinical outcome20. Hence, it would 
not in all cases be appropriate to linearly translate fMRI-based findings of cortical activation 
to tDCS protocols that aim to probe activity of a neural pathway.
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Taken together, the present working model of improving top-down stress regulation by 
targeting PFC activity with anodal tDCS combined with cognitive training has several 
drawbacks. These drawbacks may limit the suitability of this approach to target several 
aspects of anxiety- and stress-related mental health.

In addition, a number of simplifications in the adopted working model of tDCS have been 
challenged. This raises further uncertainties regarding the suitability of the tDCS approach 
in the studies of this thesis, as will be discussed in the next section.

THE LIMITED MECHANISTIC UNDERSTANDING OF TDCS
“In God we trust. All others must bring data.” – William Edwards Deming

Over the past years, the assumed cognitive effects of tDCS have been critically reviewed in 
a number of overview papers. One of those papers was written by Bestmann and coworkers 
in 201520. They noticed (Page 13) that “Mounting evidence suggests that tES (transcranial 
electrical stimulation) can have a role in altering brain activity in a way that could be beneficial 
in health and disease.” However, they also observed, with a deliberate ironic tone, that 
“Reports of such improvements, or neuroenhancement, span a surprisingly wide range of 
cognitive processes and a perplexing variety of neuropsychiatric disorders.” Their point was 
that the countless number of studies suggesting that tDCS alters behavior contrasts the limited 
mechanistic understanding of how tDCS modulates neurophysiology and subsequently alters 
behavior. One of the issues they address is that “Applying an electrical field to a dynamic 
electrochemical system like the brain seems likely to have myriad nontrivial effects that 
preclude simple extrapolation onto behaviour.” (Page 13)

Hence, in addition to gaps in knowledge of how the brain works and how brain activity relates 
to behavior, the gaps in knowledge of how tDCS modulates brain and behavioral processes 
may hinder the development of effective tDCS protocols. With the quote of Deming in mind, 
one may wonder whether also the present work relied too heavily on assumptions about the 
effects of tDCS that were not sufficiently supported by the available evidence. The following 
paragraphs discuss some of the gaps in knowledge related to the neurophysiological, 
behavioral and state- and trait dependent mechanisms involved in tDCS.

Gaps in the mechanistic understanding of neurophysiological effects
The conventional working model of the polarity-dependent effects of tDCS (anodal tDCS 
facilitates cortical excitability and cathodal tDCS inhibits cortical excitability) finds its basis 
in the observed effects of tDCS over the primary motor cortex on corticospinal excitability21. 
Whereas this model is convenient to work with, the extrapolation to other neural pathways and 
neural processes rests on assumptions that are not always supported by empirical evidence22.

7
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The neurophysiological effects of the electric field entering the cortex are debated or unclear 
on several aspects. For instance, anodal stimulation (inward current flow) is assumed to have 
an excitatory effect because it depolarizes the soma of aligned neural cells. However, the 
electric field simultaneously hyperpolarizes the dendrites, which would inhibit post-synaptic 
excitability23. A related aspect is illustrated in Figure 7.1. The direction of the current flow 
with respect to the cortical surface is opposite on different sites the same gyrus. It remains 
largely unclear how such a mix of inward and outward current flow influences the output of a 
cortical region. There are indications that inward current flow has stronger effects on neural 
excitability than outward current flow24. If so, the effects of “anodal stimulation”, which was 
used in the studies in this thesis, should be stronger than “cathodal stimulation”. Accordingly, 
there is evidence that anodal tDCS over the PFC has stronger effects on cognitive outcomes 
than cathodal tDCS25. This would support our hypothesis that anodal stimulation could 
facilitate overall neural activity in the targeted areas of the PFC. However, further research is 
warranted to gain better insight in this very basis of tDCS-effects.

0.4

0

-0.4

E-field (V/m)

Figure 7.1. Simulated image showing the average tDCS electrical current flow direction with respect to 
the cortical surface orientation. The depicted image is focused on the right lateral prefrontal cortex – 
the tDCS-target area in our studies. Yellow-red colors (positive values) reflect current flowing into the 
cortical layer, blue colors (negative numbers) reflect current flowing out of the cortical layer. The image 
is simulated based on the electrode montage used in Chapter 5 and 6 (2 mA; anode over the right DLPFC, 
F3; cathode over the parietal area, behind C2) with SimNIBS 3.2.331. The image reflects the average of 
twenty simulations on twenty different brains derived from a publicly available MRI dataset of neuro-
logically healthy individuals32.

Gaps in the mechanistic understanding of behavioral effects of tDCS
Cognitive performance is the most popular way to measure the effects of prefrontal tDCS. 
Accordingly, there are indications that tDCS over specific areas of the PFC effectively modulates 
behavioral outcomes that are linked to those areas. For example, as referred to already in previous 
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chapters, a meta-analytic study by Wischnewski and coworkers nicely shows that tDCS over a 
central part of the DLPFC effectively modulates working memory performance26. However, there 
is still surprisingly little known about how tDCS induces such behavioral effects. In fact, although 
the main theoretical frameworks that aim to explain the effects of tDCS on behavior (see Box 
7.3) are not mutually exclusive, they would in some cases predict quite different outcomes. For 
example, the activity-selective framework would predict that tDCS mainly facilitates ongoing 
synaptic plasticity (e.g., when learning new skills)3,27, while the stochastic resonance framework 
would predict that tDCS mainly facilitates well-trained skills where the neural signal is already 
strong relative to background neural noise28. Alternatively, frameworks like the inhibition/excitation 
model29 do not assume such directional relationships between tDCS and behavioral outcomes, 
but instead propose that the direction of tDCS-effects (excitatory or inhibitory) depends on what 
is “needed” at that moment to maintain the excitation/inhibition balance.

Box 7.3 Theoretical frameworks of electricity-induced stimulation of behavior

Several theoretical frameworks try to explain how effects of tDCS on cortical excitability 
translate into behavioral outcomes. The main frameworks according to Bestmann and 
coworkers20 are summarized below.

• The activity-selective framework has been fundamental in the studies in this thesis, 
and poses that subthreshold effects of tDCS on neural excitability are only strong 
enough to influence active neural pathways, where it can facilitate or inhibit activity 
depending on the direction of current flow3.

• The input-bias framework assumes that neural systems have multiple “states” or can 
gate between multiple pathways, and that tDCS can “switch” this system to a different 
state or bias information flow through a different pathway3.

• The inhibition/excitation framework poses that neural systems function optimally 
when excitation and inhibition are balanced. TDCS is thought to shift this balance by 
adding some excitatory or inhibitory input29. Depending on whether this shift bring the 
excitation/inhibition balance closer or further away from the optimum, the output of 
the neural system will improve or deteriorate.

• The zero-sum framework poses that there is a finite amount of neural processing power 
in the brain100. As a consequence, every gain in neural processing power in one place 
means a loss of neural processing power elsewhere.

• The stochastic resonance framework refers to increasing the fidelity of a neuron or 
circuit by introducing small amounts of random noise (variability)28. A little bit of noise 
can drive low-level signals to a threshold. The stochastic resonance model therefore 
poses that techniques like tDCS inject low-level noise into a targeted brain area, thus 
increasing the responsiveness of the system, and thereby facilitating neural functioning.

7
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To date, there is no consensus on the complementary explanatory value of these frameworks 
or which framework best accounts for the observed tDCS effects. Hence, gaining more insight 
in such fundamental mechanisms of tDCS seems to be critical to allow the development of valid 
hypotheses with directional predictions about the effects of a tDCS protocol on behavioral 
outcomes.

Remarkably, however, all these frameworks have one thing in common: the effect of tDCS is 
primarily conceptualized as a nonspecific influence on the brain, and the specificity of tDCS-
effects on a behavioral process are conceptualized to depend on endogenous neural activity. 
In other words, the state of endogenous neural activity is identified as an essential factor in 
shaping the effect of tDCS. This brings us to another important point, namely, the state- and 
trait-dependency of tDCS-effects.

Gaps in the mechanistic understanding of state- and trait dependency
One of the most well-known and intuitive reasons for inter-individual variability in tDCS-effects 
is illustrated in Figure 7.2; the electric field strength and location depends on individual 
anatomy30).

E-field 
(V/m)

0.8

0.4

0

Figure 7.2: Example of electrical field distributions on four individual brains. The electrical fields are 
simulated in SimNIBS 3.2.331 based on 2 mA direct current stimulation with a 3x3 cm anode over F4 and 
a 5x7 cm cathode over C2 (electrode montage in Chapter 5 and 6). The brain models are obtained from a 
publicly available MRI dataset of neurologically healthy individuals32 (here depicted: sub04, sub05, sub07 
and sub11). This figure was originally published in ‘Perspectives on Promises and Challenges of Electrical 
Brain Stimulation to Improve Stress Regulation in the Military’ (MP-HFM-334-03), as Symposium Proceedings 
of the NATO symposium ‘Applying Neuroscience to Performance: From Rehabilitation to Human Cognitive 
Augmentation’ (STO-MP-HFM-334).
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The involvement of trait- and state-factors in the outcome of tDCS has been discussed in 
previous chapters. Particularly the results of exploratory analyses in Chapter 5 underlined 
the importance of inter-individual variability in tDCS-effects. Analyzing the outcome of tDCS 
without taking such factors into account may not do justice to the technique and what we 
know of its mechanisms of action. One state factor that has a specific relevance to the present 
work, and could influence the outcome of tDCS, is stress.

Stress has a significant impact on PFC excitability and brain plasticity, as shortly discussed in 
the introduction (Chapter 1). The influence of stress on PFC excitability shows an inverted-U-
shape, with mild stress (e.g., alertness) enhancing PFC excitability, while too much (e.g., panic) 
or too little stress (e.g., fatigue) reduces PFC excitability14. Moreover, stress responses are aimed 
at maintaining or restoring homeostasis of the bodily system, and flexibly adapting behavior 
in response to stress plays an important role in achieving homeostasis. This behavioral 
flexibility has been associated with flexibility in cortical excitability and plasticity levels that 
dynamically vary to keep levels of neural excitability within a functional range (so-called 
homeostatic plasticity)33. Accordingly, fearful relative to neutral stimuli have been shown 
to enhance the effect of TMS on motor evoked potentials34,35, suggesting that corticospinal 
excitability is increased by anxiety-related arousal, e.g., to be prepared for motor actions. 
Homeostatic mechanisms could likewise reduce or even reverse effects of non-invasive brain 
stimulation on cortical excitability and plasticity, for example to prevent further increases in 
cortical excitability when excitability levels are already high33. The strength and direction of 
tDCS-effects on cortical excitability and plasticity may thus be shaped by the level of stress 
(arousal) as well as by homeostatic mechanisms.

With respect to effects of prefrontal tDCS, this idea has received support from several studies. 
For example, anodal tDCS over the left DLPFC did not show any effect on working memory 
performance after mild stress was induced (by the socially evaluated cold pressor test36. 
Results of two other studies indicated that anodal tDCS over the right or left DLPFC even 
impaired cognitive performance on working memory or attention tasks when arousal levels 
were high (i.e., after the Trier Social Stress Test37, or based on pupil dilation and state anxiety 
assessments38). These findings suggest that the effects of anodal tDCS on DLPFC-dependent 
cognitive performance can be abolished by moderate levels of stress and reversed by high 
levels of stress.

Hence, although still speculative, the behavioral outcomes of tDCS may crucially depend on 
the neurophysiological effects of stress and homeostatic plasticity. Considering the central 
role of stress and the alterations in stress mechanisms involved in disorders like PTSD and 
anxiety, “stress state” may have an important impact on the behavioral and clinical effects 
of non-invasive brain stimulation in this context.

Taken together, this section discussed several gaps in the mechanistic understanding of 
effects of tDCS applied to the PFC on stress-related behavioral outcomes. Such sources of 
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variability and uncertainty surrounding non-invasive brain stimulation methods may be one of 
the reasons why a substantial body of studies, including our own, found no significant effects 
of tDCS via the hypothesized mechanisms.

Future studies on non-invasive brain stimulation may therefore benefit from focusing on other 
methods that circumvent or take into account these sources of variability and uncertainty. The 
next section presents several potential directions for further research on the clinical utility of 
non-invasive brain stimulation in relation to stress-related mental health.

FUTURE DIRECTIONS

BACK TO THE DRAWING TABLE

How to determine tDCS-effects on excitability in prefrontal pathways?
The outcome of prefrontal tDCS may be better predicted when tDCS-induced changes in PFC 
excitability would be more directly measures. For example, tDCS effects on the primary motor 
cortex (hand area) can be measured quite directly by quantifying corticospinal excitability 
based on the motor-evoked potential amplitude39. Developing similar readouts for cortical 
excitability has been attempted for somatosensory, visual, auditory and frontal regions25,40–45. 
These attempts are mainly based on solutions with real-time neuroimaging with fMRI or EEG. 
For example, cortical excitability could be derived from TMS-evoked potentials in the EEG 
signals from the targeted cortical area (see e.g.,40,45,46). Such readouts of PFC excitability could 
further improve understanding on the fundamental neurophysiological effects of a tDCS 
protocol. For example, supporting the parallels between primary motor cortex stimulation 
and PFC stimulation, EEG-derived TMS-evoked potentials elicited by TMS pulses to M1 and to 
the PFC (middle frontal gyrus) were shown to strongly correlate47. On the other hand, some 
of the challenges posed by the sources of variability and uncertainty surrounding tDCS would 
remain, such as predicting the consequences of tDCS beyond regional cortical excitability.

INFORMED BY FUNCTIONAL CONNECTIVITY
While the studies of this thesis focused on stimulating a single brain region, brain regions do 
not act in isolation. The outcome of tDCS is also shaped by the input and output of the tDCS-
targeted region. Therefore, taking into account functional connectivity of neural circuits can 
provide better insight in the effects of tDCS48. Drawing a parallel to TMS research in the domain 
of depression, the antidepressant efficacy of rTMS over the DLPFC has been associated with 
functional connectivity between the DLPFC and the subgenual anterior cingulate cortex49–

52. The extent to which a standard rTMS treatment targeted a region in the DLPFC that was 
functionally connected to the sgACC has been shown to predict the antidepressant efficacy50 
(but note that this may not apply to all depressive subgroups, considering, for example, the 
negative results from a large RCT in China53). In addition, it has been shown to be feasible 
to detect the individual TMS target location in the MR scanner that optimally activates the 
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DLPFC-sgACC connection54,55. Brain stimulation targets could effectively be personalized using 
such methods, which may increase clinical effectivity. With respect to tDCS and higher-order 
cognitive functions like working memory, connectivity within the frontoparietal executive 
control network (including the DLPFC) plays an important role. Prefrontal tDCS has been 
shown to significantly influence functional connectivity within this network56. A recent study 
suggested that this effect is stronger when the tDCS protocol (e.g., the electrode montage) 
is adapted to the functional nodes of this network57. However, fMRI-based personalization is 
costly. Exploratory results of Chapter 5 showed that the effect of tDCS on working memory 
significantly depends on neural cross-talk reflected in the EEG theta/beta power ratio, which 
may provide a more feasible method for functional connectivity readouts to guide personalized 
tDCS protocols to target higher-order cognitive functions.

TARGETING NETWORKS
Along these lines, approaching tDCS from a network perspective is gaining ground (see 
e.g.,58,59). A network perspective may also do more justice to the brain dynamics underlying 
adaptive coping with stress. For example, stress-induced downregulation of DLPFC activity 
is actually part of a larger-scale loss of connectivity within the whole frontoparietal executive 
network, in favor of higher activity in the salience network (including regions like the amygdala 
and insula, subserving threat responding)15,60.

The potential of stimulating neural oscillations
Instead of monotonic modulation of neural excitability with tDCS, targeting neural network 
activity may be more effective with non-invasive brain stimulation techniques that modulate 
neural oscillations. Oscillations play an important role in the communication between brain 
regions within a network and synaptic plasticity61. A technique related to tDCS is transcranial 
alternating current stimulation (tACS). With tACS, the electric field that is applied over the 
scalp oscillates in a specific frequency. Evidence from animal and human studies has shown 
that this exogenous oscillating field can enhance endogenous neural oscillations of the same 
frequency62. As a result, tACS has been shown to modulate cognitive processes that are linked 
to neural oscillations in that frequency63–65.

With respect to treatment of stress-related disorder like anxiety and PTSD, memory forms 
an important cognitive process underlying evidence-based exposure therapy66,67. Neural 
oscillations in the theta frequency (4-8 Hz) have been strongly linked to memory formation and 
consolidation61,68. Theta oscillations are assumed to coordinate the communication between 
hubs of the (fear) memory network, including the medial PFC, hippocampus and amygdala69. 
Increasing evidence suggests that rhythmic brain stimulation in the theta rhythm has a 
positive effect on memory processes65. Targeting theta activity in the fear memory network 
with tACS may therefore be a promising way to boost memory processes underlying the effects 
of exposure-based therapy for PTSD.
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Another interesting idea has been raised by Clancy and coworkers. They investigated filtering 
of sensory input, a process linked to posterior alpha oscillations. Disturbed sensory filtering 
is thought lead to symptoms of intrusive re-experiencing and hyperarousal in PTSD patients, 
and has been associated with dysregulated alpha activity70,71. A study in healthy volunteers 
showed that multisession alpha rhythm tACS can enhance functional connectivity in the 
alpha range and reduce anxious arousal72. Targeting alpha activity with tACS may therefore 
be a promising research avenue to target more implicit or bottom-up processes driving PTSD 
symptomatology.

Additionally, oscillatory brain stimulation protocols can be specifically adapted to brain states. 
For example, a recent study showed that a TMS pulse burst applied to the dorsomedial PFC 
had significant but opposite effects when applied during the upgoing or descending phase of 
a theta oscillation73. More specifically, TMS during the upgoing theta phase decreased theta 
synchronization, while TMS during the descending phase increased theta synchronization and 
associated working memory performance. Likewise, applying bursts of high-frequency gamma 
oscillations with tACS to the PFC have been show to enhance working memory performance, 
but only when applied during the peak of a theta wave, not when gamma bursts were applied 
during the theta trough74.

These ideas illustrate that oscillatory brain stimulation, for example by tACS in the theta or 
alpha rhythm, may provide a way to modulate neural network activity in a brain-state-specific 
manner, and thereby target crucial cognitive processes in stress-related disorders like PTSD. 
Oscillatory brain stimulation may thereby provide a much more specific and perhaps more 
effective way to target brain processes linked to the clinical symptoms than tDCS.

CLINICAL AND ETHICAL IMPLICATIONS

CLINICAL IMPLICATIONS
Altogether, the mixed results and uncertainties about the effectivity of the tDCS approach 
used in this thesis suggest that such tDCS protocols are not yet ready for clinical application. 
However, it could be that clinical effects of tDCS require a much higher dose (e.g., more 
sessions). Yet, a dose-dependent efficacy is not directly supported by our results. In Chapter 
5, we found no evidence for effects of tDCS after the first session, indicating that simply 
increasing the number of sessions would not have made any difference in the final results. 
Moreover, another study that applied tDCS with similar settings as in Chapter 3 (anodal tDCS 
over right IFG combined with inhibitory control training), but with 15 sessions instead of the 
5 sessions applied in our study, likewise showed no significant tDCS-effects on inhibitory 
control performance or clinical symptoms of ADHD75,76. Hence, at present our results provide 
no support for clinical tDCS applications in the domain of stress-related mental health. 
Nonetheless, considering a higher dose may be fruitful regarding tDCS protocols that show 
more promising effects (e.g., the combination of tDCS with virtual reality trauma exposure77). 
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For example, in TMS treatment for depression (typically 20-30 sessions78) it has been shown 
that some individuals require a much higher dose or longer treatment time than others to 
gain clinical effects79. This suggests that the initial response to non-invasive brain stimulation 
might highly vary between individuals, and that the therapeutic effects start to manifest or 
stabilize only after much higher dose than applied in our studies.

In contrast to tDCS, TMS has shown more positive results in the treatment of PTSD. Recent 
RCTs showed significant effects on PTSD symptom reduction after high- or low-frequency 
rTMS over the right DLPFC as a stand-alone treatment80, in line with the level B evidence 
status (‘probable efficacy’) of TMS-treatment for PTSD81. However, while the pooled effects 
size of low-frequency and high-frequency rTMS protocols together is statistically significant (a 
standardized mean difference compared to sham rTMS of 1.1), the effect varies considerably 
between studies (95%-confidence interval of 2.10 to 0.15)80. Moreover, the efficacy of rTMS 
treatments in military personnel and veterans is not yet clear. While one RCT found positive 
effects of prefrontal rTMS on PTSD symptoms in veterans82, another RCT showed no significant 
effects of prefrontal rTMS on depression symptoms in veterans, especially in case of comorbid 
PTSD83.

What could improve the effectivity of rTMS treatments is the combination with 
psychotherapy80,84. Studies of prefrontal rTMS combined with PTSD or anxiety treatment 
sessions have suggested synergistic effects77,85–88. In fact, non-invasive brain stimulation has 
a specific clinical potential to enhance learning and memory processes that are involved 
in exposure-based psychotherapy for PTSD and anxiety89. Likewise, tDCS may provide an 
effective add-on method to enhance psychotherapeutic effects. However, more research 
in this domain is needed as robust evidence is still lacking for the benefit of combining 
psychotherapy with tDCS84, and the combination of tDCS with methods of fear extinction in 
healthy research volunteers have shown mixed results90.

ETHICAL CONSIDERATIONS REGARDING TDCS AND NEUROENHANCEMENT
The application of non-invasive brain stimulation to enhance cognitive functions have raised 
ethical concerns on health-related issues (are there adverse side effects on the long term?) 
and moral issues (does it make you a “different” person?), particularly in the context of military 
populations91. While these are important questions to consider, an ethical discussion is beyond 
the scope of this thesis. Yet, several considerations from neuroscientific and psychological 
perspectives may help to guide the approach of ethical concerns surrounding the use of tDCS 
in the domain of cognition and emotional behavior.

tDCS versus a double espresso
Ethical concerns about neuroenhancement with tDCS are largely theoretical. While tDCS could 
be capable of significantly enhancing cognitive functions beyond “normal” or “healthy” levels, 
robust evidence is lacking. For example, it may feel intuitive that tDCS has more capacity to 
restore a deficient process than to enhance an already efficient process, e.g., due to ceiling 
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effects. On the other hand, sometimes ‘efficient’ processes may be more sensitive to the effect 
of tDCS, as illustrated in Box 7.4. Nevertheless, the effectivity of tDCS both in psychiatric 
treatment and cognitive enhancement is still a topic of ongoing research. Therefore, at present, 
even enthusiastic perspectives on tDCS-neuroenhancement in the military are tempered by 
warnings that tDCS should not be used before robust evidence supports practically relevant 
effects of tDCS on military skills92–95.

Box 7.4. tDCS to enhance efficiency vs. tDCS to restore deficiency

Some findings suggest that tDCS is mainly effective to restore deficient cognitive processes. 
For example, a recent study by Weidler and coworkers found significant effects of tDCS 
(single-session) on impulse control and impulsive aggression, but only in participants who 
showed impulse control problems (addiction to alcohol or tobacco use), not in healthy 
controls101. Interestingly, the study settings were very similar to the study described 
in Chapter 3; anodal tDCS was applied for 20 minutes at 1.5 mA over the right DLPFC 
with the return electrode over the left supraorbital area, the outcomes were assessed 
using the stop-signal task, and the participating patients also showed impulse control 
problems (although with a different diagnosis). This raises the question why Weidler et al. 
(2022)101 found a significant tDCS-effect where we didn’t. Although no definitive answer 
can be provided here, the idea that prefrontal tDCS is more effective in populations with 
cognitive deficiencies sounds intuitive and clinically appealing, but is not supported by 
our data. In fact, it might even be the other way around; we found indications in Chapter 
5 that the short-term effect of tDCS on working memory performance was stronger in 
healthy participants with better baseline performance. While other factors like younger 
age may also have played a role, these examples illustrate the mixed findings of cognitive 
enhancement by tDCS across healthy and clinical populations.

Yet, it is exactly on the boundary between restoring dysfunctional and enhancing functional 
brain processes that ethical questions are raised96. In that domain, however, the use of methods 
in the military to manipulate already functional brain or behavioral processes is not new. Some 
examples of accepted forms of behavioral or mental manipulations in the military include sleep 
deprivation, behavioral and social training interventions, physical exercise and nutritional 
intake94. The effect of non-invasive brain stimulation with tDCS on mental state and behavior 
is likely not fundamentally different from the effects of these interventions. The ethical side of 
tDCS or non-invasive brain stimulation in the military may therefore best be discussed in relation 
to the already existing methods for cognitive and behavioral enhancement.

CONCLUDING REMARKS
The studies of this thesis showed no clinically relevant effects of anodal tDCS over the 
prefrontal cortex during cognitive training on cognitive functioning or stress-related 
behavior in military personnel. These findings are discussed in light of the many sources of 
variability and uncertainty in tDCS outcomes. In the field of stress-related mental health, the 
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variability in tDCS outcomes is complemented by variability in symptom profiles (see, e.g., the 
publication by Galatzer-Levy and Bryant (2013)97 with the striking title “636,120 ways to have 
posttraumatic stress disorder”). Finding the right combination of tDCS-related parameters 
and neural targets to improve adaptive coping with stress may thus be challenging. In order to 
better face this challenge, more fundamental insights in the mechanisms of action of tDCS are 
required. Approaching brain stimulation from a network perspective and focusing on neural 
oscillations is suggested to yield more promising avenues for future research of non-invasive 
brain stimulation.
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NEDERLANDSE SAMENVATTING

ACHTERGROND
Elektrische stimulatie van de hersenen: kan dat mentale gezondheidsproblemen verhelpen? 
Deze vraag bestaat al eeuwen. Het gebruik van bijvoorbeeld elektrische vissen om klachten 
zoals hoofdpijn te bestrijden stamt uit de tijd van de oude Romeinen. Op dit moment zijn 
elektroconvulsieve therapie (ECT) en diepe hersenstimulatie de meest bekende vormen 
van elektrische hersenstimulatie. Deze technieken worden nog altijd toegepast en verder 
ontwikkeld binnen de psychiatrie en neurologie. Daarnaast deed zich enkele decennia geleden 
een interessante nieuwe ontwikkeling voor: ook niet-invasieve technieken die de hersenen 
blootstellen aan elektrische stroom of magnetische pulsen vanuit buiten de schedel bleken 
in staat de hersenen op een gerichte manier te stimuleren. Deze niet-invasieve technieken zijn 
veilig en hebben nauwelijks bijwerkingen, en lenen zich daardoor voor bredere toepassingen.

De aanleiding van dit proefschrift is de potentiële toepassing van niet-invasieve 
hersenstimulatie op het vlak van mentale gezondheid bij militairen en veteranen. Militairen 
en veteranen hebben door blootstelling aan zeer stressvolle situaties en mogelijk traumatische 
gebeurtenissen een verhoogd risico op mentale gezondheidsklachten, zoals het ontwikkelen 
van angst, boosheids- en agressieklachten of een posttraumatische stressstoornis (PTSS). 
Bovendien bieden de huidige therapieën voor deze klachten, zoals psychologische 
traumabehandeling of medicatie, onvoldoende herstel voor een groot deel van de militairen 
en veteranen. Daarom is het van belang om voor deze populatie nieuwe preventie- en 
behandelmethoden te vinden.

De vraag die in dit proefschrift centraal staat is: heeft niet-invasieve hersenstimulatie een 
positief effect op stress-gerelateerde mentale gezondheid bij militairen en veteranen? Het 
onderzoek is daarbij specifiek gericht op transcraniële gelijkstroomstimulatie, ofwel tDCS 
(transcranial direct current stimulation).

WAT IS TDCS?
Met behulp van tDCS beoogt men de prikkelbaarheid en activiteit van hersencellen te 
beïnvloeden. Twee of meerdere elektroden worden op het hoofd gelegd. Daartussen wordt 
een zwakke gelijkstroom gestuurd van 1 tot 2 milliampère. Een deel van de stroom bereikt 
de hersenen en verspreidt zich over het buitenste deel van de hersenschors. Studies naar het 
effect van tDCS laten het volgende beeld zien: de elektrische stroom zorgt in het bereikte deel 
van de hersenschors voor een kleine verandering in de rustpotentiaal van neuronen. Dit kan de 
neurale cellen niet direct activeren, maar zorgt er wel voor dat de kans op een actiepotentiaal 
toeneemt of afneemt. Hierdoor kunnen cellen makkelijker of juist minder makkelijk vuren. 
Om specifieker te zijn: onder de positieve elektrode (anode) heeft het elektrische veld een 
inwaartse stroomrichting. Dit zorgt ervoor dat neuronen makkelijker kunnen vuren en 
makkelijker signalen naar elkaar kunnen overdragen via synaptische verbindingen. Onder de 
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negatieve elektrode (kathode) heeft het elektrische veld een uitwaartse stroomrichting. Dit 
verlaagt de neurale prikkelbaarheid juist en kan signaaloverdracht afremmen.

Naast tDCS is transcraniële magnetische stimulatie (TMS) een bekende vorm van niet-invasieve 
hersenstimulatie. TMS werkt op basis van magnetische pulsen. In tegenstelling tot tDCS, 
kunnen TMS-pulsen wel direct actiepotentialen opwekken of juist onderdrukken. Echter 
heeft tDCS ten opzichte van TMS een aantal praktische en economische voordelen: tDCS 
heeft een gunstiger veiligheidsprofiel, is goedkoper, eenvoudiger te gebruiken, en draagbaar. 
Deze eigenschappen van tDCS kunnen voordelen bieden voor gebruik binnen de militair-
operationele context en binnen de poliklinische context.

WAAROM TDCS BIJ STRESS EN MENTALE GEZONDHEIDSKLACHTEN?
Stress-gerelateerde mentale gezondheidsklachten worden in verband gebracht met een 
ontregeling in de prefrontale hersenschors (PFC). De PFC speelt een belangrijke rol in het 
reguleren van emoties, gedachten en gedrag. Functionele hersenscans hebben laten zien dat 
tijdens het reguleren van gevoelens van angst of boosheid de laterale (buitenste) gebieden 
van de PFC minder actief zijn bij patiënten met PTSS in vergelijking met gezonde controles. 
Activiteit in deze PFC-gebieden zou kunnen worden gestimuleerd met behulp van anodale 
tDCS. Op die manier zou tDCS een positief effect kunnen hebben op herstel of preventie van 
stress-gerelateerde mentale gezondheidsklachten. 

WAT IS ER IN DIT PROEFSCHRIFT ONDERZOCHT EN GEVONDEN?

Analyse van eerdere bevindingen
Hoofdstuk 2 beschrijft een systematische review en meta-analyse die werd uitgevoerd om 
meer inzicht te krijgen in effecten van niet-invasieve hersenstimulatie van de PFC. In eerdere 
tDCS- en TMS-studies is daarbij vaak gekeken naar emotionele reactiviteit. Emotionele 
reactiviteit is de mate waarin negatieve emoties worden ervaren in reactie op stress. Dit speelt 
een rol in stress-gerelateerde mentale gezondheidsklachten. Emotionele reactiviteit wordt 
vaak gekwantificeerd door de intensiteit van emotionele ervaringen te meten in reactie op 
een stressmanipulatie. Stressmanipulaties bestaan bijvoorbeeld uit het tonen van emotioneel 
schokkende afbeeldingen of video’s, of het uitvoeren van een stressvolle taak. Op het moment 
van deze studie waren de meeste tDCS- en TMS-onderzoeken naar emotionele reactiviteit 
uitgevoerd bij gezonde vrijwilligers, waarbij metingen werden gedaan tijdens of na één enkele 
hersenstimulatiesessie van tien tot dertig minuten.

De resultaten van hoofdstuk 2 laten zien dat binnen dit domein slechts een klein aantal 
studies met TMS is uitgevoerd. Deze TMS-studies verschilden bovendien sterk in de gebruikte 
stimulatie-instellingen. Het is daarom wellicht niet verrassend dat de resultaten sterk 
varieerden tussen de individuele TMS-onderzoeken, en dat alle TMS-onderzoeksresultaten 
samen geen eenduidig effect op emotionele reactiviteit lieten zien. De resultaten van het 
grotere aantal tDCS-studies binnen dit domein varieerden ook tussen de onderzoeken, maar 
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de meta-analyse van alle tDCS-studies samen toonde aan met een klein maar statistisch 
significant effect dat tDCS emotionele reactiviteit kan verlagen. Dit effect werd gevonden 
ongeacht of de PFC in de linker of rechter hersenhelft was gestimuleerd, maar was alleen 
significant bij toepassingen van anodale tDCS op de PFC. Deze resultaten ondersteunden 
het idee om de klinische toepassing van anodale tDCS bij stress-gerelateerde mentale 
gezondheidsklachten verder te onderzoeken.

De vertaling naar de (klinische) praktijk
De twee experimentele interventiestudies van dit proefschrift zijn beschreven in de 
hoofdstukken 3 tot 6. In deze studies is de vertaling gemaakt van onderzoeken in een 
laboratorium-setting, zoals de onderzoeken die staan beschreven in hoofdstuk 2, naar 
onderzoeken met een toepassing voor stress-gerelateerde mentale gezondheid van militairen 
en veteranen. Daarbij werd een idee uit de zogenaamde ‘activity-selective’ hypothese gevolgd. 
Deze hypothese stelt dat tDCS meer effect heeft op neuronen en synaptische verbindingen 
die actief bezig zijn met informatieverwerking tijdens de stimulatie. Overeenkomstig deze 
hypothese lieten een aantal studieresultaten uit hoofdstuk 2 inderdaad zien dat het effect 
van tDCS op emotionele reactiviteit sterker was wanneer iemand actief bezig was met 
emotieregulatie. Daarom werd in beide interventiestudies tDCS gecombineerd met een 
cognitieve oefening op een computertaak. 

Hoofdstuk 3 beschrijft de eerste interventiestudie die is uitgevoerd onder honderd militairen 
en veteranen die in behandeling waren voor PTSS, een angststoornis of agressieregulatie-
problemen. Volgens eerder onderzoek hebben mensen met deze klachten een verminderd 
vermogen om impulsieve of ongepaste emoties en reacties in te houden of af te remmen. Dit 
wordt ook wel verminderde inhibitiecontrole genoemd. De tDCS-interventie in deze studie was 
daarom gericht op het bevorderen van inhibitiecontrole. In de hersenen is inhibitiecontrole 
gerelateerd aan activiteit in een PFC-gebied in de rechterhersenhelft, namelijk de inferieure 
frontale gyrus (IFG). De hypothese was daarom dat stimulatie van de rechter IFG met anodale 
tDCS inhibitiecontrole zou versterken, en via die weg herstel van klachten zou bevorderen. 

In deze studie werd de rechter IFG herhaaldelijk gestimuleerd, namelijk in vijf tDCS-sessies 
verspreid over twee of drie weken. Deelnemers ontvingen tDCS met een stroomsterkte 
van 1.25 milliampère gedurende 20 minuten per sessie. Tijdens tDCS trainden deelnemers 
hun inhibitiecontrole met behulp van de zogenaamde ‘Stop-Signaal-taak’ op de computer. 
Inhibitiecontrole werd voorafgaand en na afloop van de tDCS-trainingsinterventie gemeten 
met andere computertaken (de Go/No-go-taak en de Impliciete-Associaties-taak). 
Vragenlijsten werden gebruikt om klachtenniveaus te meten vóór en na de tDCS-interventie, 
na drie maanden en na een jaar. Het onderzoek werd placebo-gecontroleerd uitgevoerd. Dat 
wil zeggen dat actieve tDCS werd toegepast bij de ene helft van de deelnemers, terwijl de 
andere helft sham tDCS ontving. Bij sham tDCS gaat de elektrische stimulator al na een paar 
seconden langzaam uit waardoor er geen actieve stimulatie van de hersenschors plaatsvindt.
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In tegenstelling tot wat we verwachtten, werden er geen significante verschillen gevonden 
tussen de groepen die actieve tDCS of sham tDCS hadden ontvangen. Dat wil zeggen dat 
deelnemers uit de actieve tDCS groep niet beter presteerden dan de sham tDCS groep op 
de inhibitiecontroletaak tijdens de tDCS-sessies, noch op de andere inhibitiecontroletaken. 
Eveneens werden geen significante groepsverschillen gevonden in klachtenniveaus direct 
na de interventie, na drie maanden of na een jaar. Deze studie liet dus geen bewijs zien 
voor effecten van de gecombineerde tDCS-trainingsinterventie zoals hier toegepast op 
inhibitiecontrole of op stress-gerelateerde mentale gezondheidsklachten bij militairen en 
veteranen.

Hoofdstuk 4 beschrijft een kwalitatief onderzoek dat grotendeels is gebaseerd op 
interviews met zeven militaire patiënten en vijf behandelaren van de militaire geestelijke 
gezondheidszorg. Dit onderzoek is uitgevoerd naast het kwantitatieve onderzoek van 
hoofdstuk 3. De aanleiding voor deze studie was dat een succesvolle implementatie van 
potentiële nieuwe behandelmethoden zoals tDCS niet alleen afhangt van de effectiviteit, 
maar ook van hoe aanvaardbaar de methode is voor de gebruikers. 

Uit de interviews kwam naar voren dat zowel de patiënten als behandelaren positief waren over 
tDCS als mogelijke neurobiologische add-on behandelmethode die kan worden toegevoegd 
aan psychologische behandeling. Zowel patiënten als behandelaren benoemden echter wel 
dat begrip van het werkingsmechanisme van tDCS beperkt was gebleven, terwijl begrip als 
belangrijk werd ervaren voor de aanvaardbaarheid van tDCS. Dit onderstreept het belang van 
passende informatieverstrekking over onderzoeksinterventies en nieuwe behandelmethoden 
binnen de geestelijke gezondheidszorg. Bij tDCS als behandeltechniek werden geen specifieke 
nadelen ervaren, behalve de frequente bezoeken voor tDCS-sessies in het behandelcentrum. 
Dit benadrukt het voordeel van tDCS vanwege de mogelijkheid tot schaalbare toepassingen, 
bijvoorbeeld vanuit huis.

Hoofdstukken 5 en 6 beschrijven de tweede interventiestudie met tDCS die werd uitgevoerd 
onder 79 militairen zonder mentale gezondheidsklachten. De studie was gericht op het 
versterken van het vermogen om stress en emoties te reguleren. Adequate regulatie van stress 
en emoties is zowel belangrijk bij operationeel functioneren in stressvolle omstandigheden, 
als bij de preventie van mentale gezondheidsklachten. Bij emotieregulatie speelt het 
werkgeheugen een belangrijke rol. In het werkgeheugen komt informatie binnen en wordt 
tijdelijk vastgehouden of verwerkt. Ook emotionele informatie kan op die manier tijdelijk 
worden vastgehouden en verwerkt, bijvoorbeeld om een passende interpretatie van of reactie 
op een stressvolle gebeurtenis te vinden. In de hersenen zijn werkgeheugen en emotieregulatie 
sterk gerelateerd aan activiteit in de dorsolaterale PFC (DLPFC). Op grond hiervan was de 
hypothese dat stimulatie van de rechter DLPFC met anodale tDCS werkgeheugencapaciteit 
zou verhogen. Dit zou vervolgens emotieregulatie kunnen verbeteren. 

A
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In deze studie werd de rechter DLPFC herhaaldelijk gestimuleerd, namelijk in drie tDCS-sessies 
verspreid over één of twee weken. Deelnemers ontvingen tDCS met een stroomsterkte van 
2.0 milliampère gedurende 20 minuten per sessie. Tijdens tDCS trainden deelnemers hun 
werkgeheugen met behulp van de zogenaamde ‘N-Back’-taak op de computer. Voorafgaand 
en na afloop van de tDCS-trainingsinterventie werd emotieregulatie gemeten met behulp van 
een zogenaamde ‘threat-of-shock’-taak. Hierbij worden onvoorspelbare aversieve elektrische 
stroomschokken toegediend op de arm van een deelnemer. De mate waarin deelnemers hun 
angst of spanning voor de elektrische schokken konden reguleren werd gekwantificeerd door 
fysiologische schrikreacties (de oogknipperreflex) en emotionele ervaringen te meten tijdens 
de taak. Ook deze studie werd placebo-gecontroleerd uitgevoerd: de helft van de deelnemers 
kreeg actieve tDCS, terwijl de andere helft sham tDCS onderging.

Zoals beschreven in hoofdstuk 5, werden er in tegenstelling tot onze hypothese geen 
significante verschillen gevonden tussen de groepen die actieve tDCS of sham tDCS hadden 
gehad. Dat wil zeggen: deelnemers uit de actieve tDCS groep presteerden niet beter dan 
de controlegroep op de werkgeheugentaak tijdens de tDCS-sessies of tijdens de nameting. 
Eveneens werden geen significante effecten van tDCS gevonden op fysiologische en emotionele 
reacties tijdens de threat-of-shock taak. Deze resultaten bieden geen ondersteuning voor 
een effect van de tDCS-trainingsinterventie op het werkgeheugen en emotieregulatie. 
Opvallend genoeg werden er wel groepsverschillen gevonden in een exploratieve, post-hoc 
analyse. Deze analyse werd gedaan om de invloed van individuele eigenschappen op de 
effectiviteit van tDCS in kaart te brengen. Zo werden onder andere de invloed van leeftijd en 
van individuele verschillen in hersenactiviteit bekeken. Op het gebied van hersenactiviteit 
werd specifiek gekeken naar de EEG theta/beta power ratio. De theta/beta power ratio is 
eerder in verband gebracht met emotioneel-gedreven gedrag en emotieregulatie, en wordt 
afgeleid van hersenfilmpjes die tijdens rust worden gemaakt in de frequenties van 4-7 Hz 
(theta) en van 13-30 Hz (beta). De exploratieve analyseresultaten lieten zien dat actieve tDCS 
de werkgeheugenprestaties significant verbeterde ten opzichte van sham tDCS, maar alleen 
naarmate iemand een lagere leeftijd of een hogere theta/beta power ratio had. Dit effect was 
alleen aanwezig tijdens de eerste tDCS-trainingssessie.

Hoofdstuk 6 beschrijft de uitkomsten van deze studie die zojuist is beschreven op andere 
cognitieve processen die betrokken zijn bij het reguleren van stress en emotioneel gedrag. 
Daarbij werd inhibitiecontrole gemeten op basis van taakpresentaties (de Go/No-go-taak), 
en in hersenactiviteit op basis van EEG event-related potentials (de N2 en P3 golf). Daarnaast 
is inhibitiecontrole samen met vermijding en angst eerder in verband gebracht met relatief 
actievere PFC in de rechterhersenhelft ten opzichte van de linkerhersenhelft. Deze PFC-
asymmetrie werd gekwantificeerd op basis van alfa-oscillaties in het EEG tijdens rust. Ten 
slotte werd aandachtscontrole gemeten met een zelf-rapportagevragenlijst.

De resultaten lieten geen significante verschillen zien tussen de actieve tDCS en sham 
tDCS groep. De resultaten van hoofdstuk 6 komen daarmee overeen met de resultaten 
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van hoofdstuk 5, en suggereren dat de gecombineerde tDCS-trainingsinterventie zoals 
hier toegepast geen groepsgewijze effecten had op inhibitie- of aandachtscontrole, of op 
gerelateerde elektrofysiologische processen in de hersenen.

SLOTBESCHOUWINGEN
TDCS kan een klein positief effect hebben op specifieke cognitieve prestaties, zoals beschreven 
in hoofstukken 2 en 5. Echter, over het geheel genomen laten de studieresultaten van dit 
proefschrift geen overtuigend bewijs zien dat stimulatie van de PFC met anodale tDCS een 
positief effect heeft op het reguleren van stress en emoties, of op cognitieve processen die 
daarbij betrokken zijn. Dit suggereert dat tDCS zoals het in deze studies is toegepast geen 
toegevoegde waarde heeft voor het bevorderen van mentale gezondheid bij militairen en 
veteranen.

EEN KRITISCHE TERUGBLIK
Een kritische evaluatie van de studies laat zien dat er sterke en zwakke aspecten zijn in de 
manier waarop hersenstimulatie in dit proefschrift is toegepast en waarop de uitkomsten 
zijn gemeten. Enerzijds hebben we in onze studies een belangrijke vertaalslag gemaakt 
van experimentele tDCS-studies in gezonde vrijwilligers met veelal kleine steekproeven, 
naar klinisch relevante tDCS-studies in de militaire doelgroep. De studies hadden grote 
steekproeven, gerandomiseerde en placebo-gecontroleerde designs, en uitkomstmaten op 
verschillende niveaus, inclusief neurofysiologie, gedrag en subjectieve emotionele ervaringen. 

Anderzijds is er nog veel onbekend over het werkingsmechanisme van tDCS, en over gezonde en 
pathologische hersenprocessen bij angst en stress. Om een voorbeeld te geven: het verhogen 
van neurale prikkelbaarheid in PFC-gebieden lijkt gunstig te zijn om adequate emotieregulatie 
faciliteren. Echter, dezelfde PFC-gebieden zijn ook betrokken bij excessief piekeren. Bovendien 
is er nog veel onduidelijk over hoe tDCS de neurale activiteit in de PFC precies beïnvloedt, en 
hoe dit zich vertaalt naar gedrag en symptomen. Complexe interacties tussen verschillende 
neuronen en verschillende hersennetwerken zorgen ervoor dat ‘meer’ neurale prikkelbaarheid 
in een hersengebied niet automatisch ‘meer’ van een bepaald gedrag betekent. Daarnaast 
zijn er veel factoren die het effect van hersenstimulatie op gedrag beïnvloeden. Niet alleen 
de instellingen van het stimulatieprotocol zoals duur en intensiteit bepalen de uitkomst van 
de stimulatie, maar ook iemands individuele eigenschappen en de toestand waarin iemand 
verkeert. Over de invloed van deze factoren is nog veel onbekend, en de veelheid aan factoren 
kan het vinden van het juiste stimulatieprotocol een complexe en intensieve zoektocht maken. 
In de discussie van dit proefschrift (hoofdstuk 7) wordt betoogd dat dit soort ontbrekende 
stukjes kennis er wellicht voor gezorgd hebben dat veel tDCS-studies, waaronder de onze, 
(nog) niet het beoogde effect opleveren.

A
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SUGGESTIES VOOR TOEKOMSTIG ONDERZOEK
Toekomstig onderzoek naar niet-invasieve hersenstimulatie zou zich bijvoorbeeld meer 
kunnen richten op de samenwerking tussen verschillende hersengebieden, in plaats van 
te focussen op één hersengebied. Kennis omtrent samenwerking tussen verschillende 
hersengebieden kan helpen om te bepalen wat het optimale hersengebied is om tDCS op 
toe te passen, of om een beter beeld te krijgen of hersenstimulatie bij iemand effectief zal 
zijn. Dit idee stemt onder andere overeen met de exploratieve resultaten van hoofdstuk 
5 die laten zien dat de EEG theta/beta power ratio voorspelt in hoeverre tDCS effect heeft 
op werkgeheugenprestaties. Nog beter zou het zijn als hersenstimulatie beter aansluit 
bij de interactie tussen hersengebieden. Transcraniële wisselstroomstimulatie biedt een 
mogelijke manier om activiteit tussen hersengebieden beter op elkaar af te stemmen of te 
synchroniseren. Synchronisatie tussen de PFC en hippocampus is bijvoorbeeld belangrijk 
bij geheugenprocessen die een essentiële rol spelen bij exposure-behandeling voor angst 
en PTSS.

TDCS IN DE PRAKTIJK?
De resultaten van dit proefschrift en de onzekerheden rondom de effecten van tDCS 
suggereren dat deze techniek nog niet geschikt is voor de klinische toepassing. Op het gebied 
van stress-gerelateerde mentale gezondheid bij militairen bestaan er echter wel andere 
niet-invasieve hersenstimulatietechnieken die meer potentie hebben. Ten eerste zijn er in 
recente onderzoeken positieve effecten van TMS gevonden in de behandeling van PTSS. Ook 
biedt, zoals hierboven geopperd, transcraniële wisselstroomstimulatie nieuwe mogelijke 
toepassingen. Toekomstig onderzoek moet de uiteindelijke klinische potentie uitwijzen van 
niet-invasieve hersenstimulatietechnieken voor de preventie en behandeling van stress-
gerelateerde mentale gezondheid onder militairen en veteranen.
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LEKENSAMENVATTING
Het is bekend dat stress en trauma kunnen zorgen voor psychische klachten, en dat bij 
deze psychische klachten bepaalde hersengebieden afwijkende activiteit laten zien. Het 
beïnvloeden van die hersenactiviteit zou preventie en behandeling van psychische klachten 
kunnen bevorderen, in het bijzonder bij militairen en veteranen. Voor hen namelijk blijken 
gangbare therapieën vaak onvoldoende effectief.

Hersenactiviteit kan op een veilige manier worden beïnvloed met niet-invasieve hersenstim-
ulatie. Het onderzoek in dit proefschrift is gericht op een specifieke hersenstimulatietech-
niek die wordt aangeduid met ‘tDCS’, een afkorting van transcranial direct current stimulation. 
Eerder onderzoek naar hersenstimulatie met tDCS bij gezonde vrijwilligers toont aan dat tDCS 
emotionele en cognitieve processen kan beïnvloeden in een gecontroleerde testkamerom- 
geving. In dit proefschrift is een vertaling gemaakt van dat onderzoek naar effecten op 
stress-gerelateerde mentale gezondheid bij militairen en veteranen.

De studieresultaten in dit proefschrift leveren geen overtuigend bewijs voor positieve effecten 
van tDCS op emotionele controle of herstel van klachten bij militairen en veteranen. Dat wil 
zeggen: we vonden geen relevante effecten van de specifieke manier waarop tDCS in dit 
onderzoek is toegepast in twee placebo-gecontroleerde interventiestudies onder militairen 
en veteranen met angst, agressie- of posttraumatische stressklachten, en onder militairen 
zonder mentale gezondheidsklachten. Onze bevindingen suggereren dat hersenstimulatie met 
tDCS nog niet geschikt is om mentale gezondheid van militairen en veteranen te bevorderen, 
en onderstrepen het belang van verder onderzoek naar het werkingsmechanisme van tDCS 
en de juiste toepassingen ervan.
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LAY SUMMARY
It is known that stress and trauma can cause psychological complaints, and that these 
psychological complaints are accompanied by abnormal activity in certain brain areas. 
Influencing this brain activity could promote the prevention and treatment of psychological 
complaints, particularly among military personnel and veterans. For them, current therapies 
are often insufficiently effective.

Brain activity can be influenced in a safe way with non-invasive brain stimulation. The 
research in this dissertation focuses on a specific brain stimulation technique called ‘tDCS’, an 
abbreviation of transcranial direct current stimulation. Previous research on brain stimulation 
with tDCS in healthy volunteers shows that tDCS can affect emotional and cognitive processes 
in a controlled test room environment. This dissertation translated that research into effects 
on stress-related mental health in military personnel and veterans.

The study results in this dissertation do not provide convincing evidence for positive effects of 
tDCS on emotional control or recovery from symptoms in military personnel and veterans. That 
is, we found no relevant effects of the specific way tDCS was applied in two placebo-controlled 
intervention studies among military personnel and veterans with anxiety, aggression or post-
traumatic stress symptoms, and among military personnel without mental health symptoms. 
Our findings suggest that brain stimulation with tDCS is not yet ready for use in the context of 
mental health in military personnel and veterans, and underscore the importance of further 
research into the mechanism of action of tDCS and effective applications.

A
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